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SUMMARY 
Accurate i n t e r p r e t a t i o n  of mass s p e c t r a l  da t a  obtained from a 
sa t e l l i t e -bo rne  mass spectrometer must include cor rec t ions  for loss of 
gaseous atomic spec ies  by in t e rac t ion  with t h e  sur faces  of t h e  ana ly t i -  
ca l  instrument i t s e l f .  Atomic oxygen and atomic hydrogen are the  atmo- 
spher ic  c o n s t i t u e n t s  of p a r t i c u l a r  concern a t  a l t i t u d e s  g r e a t e r  than 
120 k m .  
condi t ions s i m i l a r  t o  those  encountered i n  t h i s  atmospheric region)  on 
sur faces  of engineering i n t e r e s t ,  v iz .  gold,  s i l v e r ,  t i tanium, s t a i n l e s s  
s tee l ,  and aluminum. The r e s u l t s  of our study provide some ins igh t  i n t o  
W e  s tud ied  t h e  k i n e t i c s  of i n t e r a c t i o n  of these  spec ies  (under 
t h e  mechanisms of these processes .  Our da t a  and ana lys i s  supply a basis 
f o r  i n t e r p r e t a t i o n  of e x i s t i n g  information reported by f l i g h t  mass spec- 
t rometers  and f o r  t h e  design of new instruments f o r  atmospheric explora- 
t i on .  
In our experimental measurements of atom l o s s ,  w e  employed an 
u l t r ah igh  vacuum system incorpora t ing  a c y l i n d r i c a l  r eac t ion  vesse l  i n  
which the  t o t a l  gas  pressure  and the  en ter ing  f l u x  of atoms were held 
cons tan t .  Atoms were generated a t  t he  i n l e t  of t he  r eac to r  by thermal 
d i s soc ia t ion  of oxygen or hydrogen on a hot  tungsten ribbon. The  f l u x  
of atomic spec ies  t h a t  survived t r a n s i t  through t h e  r eac to r  w a s  deter- 
mined by a mass spectrometer with i t s  ion source adjacent  t o  the r eac to r  
o u t l e t .  W e  evaluated the r e l a t i v e  rate of atom loss on a p a r t i c u l a r  sur-  
f a c e  by observing t h e  diminution i n  atom f l u x  a t  t h e  o u t l e t  when a speci-  
men of t h e  material of i n t e r e s t  was i n s e r t e d  i n t o  the r eac to r .  In t e r -  
p re t a t ion  of t he  data t o  y i e ld  atom loss c o e f f i c i e n t s  was f a c i l i t a t e d  by 
means of an a n a l y t i c a l  model of t h e  experiment. This model i s  based on 
the  assumption t h a t  atomic p a r t i c l e s  i nc iden t ,  but not  l o s t ,  on t h e  reac- 
t o r  sur face  obey a cosine s c a t t e r i n g  law. Upon spec i f i ca t ion  of a loss 
coe f f i c i en t  CY i n d i c a t i v e  of the p robab i l i t y  t h a t  an atom w i l l  be removed 
from the  gas  phase upon c o l l i s i o n  w i t h  the  w a l l ,  t h e  model p r e d i c t s  t h e  
i n t e n s i t y  of t he  atom f l u x  a t  t h e  o u t l e t  as a func t ion  of c/ and of reac- 
t o r  geometry. 
W e  measured atom adsorpt ion,  desorp t ion ,  and recombination rates 
V 
on the  metal sur faces  by means of standard f lash-f i lament  techniques.  
With the  same method w e  evaluated the  sur face  i n t e r a c t i o n s  of the  common 
gaseous impurity,  carbon monoxide. 
Our r e s u l t s  suggested t h a t  t he  dominant oxygen atom removal m e -  
chanism on gold i s  gas atom-adatom (Eley-Rideal) recombination. By way 
of c o n t r a s t ,  t h e  atom recombination r a t e  on s i l v e r  i s  small r e l a t i v e  t o  
t he  rate of occlusion (or reac t ion)  of the  oxygen atoms i n  t h e  s i l v e r  
metal .  Numerical values  are given f o r  t h e  rates of oxygen atom in t e rac -  
t i o n  with these  two metals .  Consequently, t he  k i n e t i c  da ta  may be em-  
ployed t o  es t imate  the magnitude of oxygen atom loss  i n  the sampling 
antechambers of f l i g h t  mass spectrometers with s i l v e r  or gold sur faces .  
Titanium forms a spectrum of s t a b l e  s o l i d  phase .oxides upon ex- 
posure t o  oxygen atoms. The i n t e r a c t i o n s  were too complex t o  deduce use- 
f u l  k i n e t i c  parameters. W e  concluded t h a t  t h e  use of t h i s  metal  i n  a 
f l i g h t  mass spectrometer might lead t o  unpredictable  behavior with re- 
spect  t o  oxygen atom loss. 
The i n t e r a c t i o n  of oxygen atoms with type  302 s t a i n l e s s  steel var- 
i ed  with t h e  pretreatment of the  sur face ,  although i n  general  t h i s  metal 
possesses a g rea t e r  l o s s  e f f i c i ency  f o r  oxygen atoms than d id  the  noble 
metals .  Under c e r t a i n  condi t ions ,  oxygen atoms reacted w i t h  carbon i n  
the s t e e l  sur face  t o  produce carbon dioxide.  W e  f e l t  t h a t  any s t a i n l e s s  
s t e e l  employed i n  a f l i g h t  mass spectrometer would require  d i r e c t  empiri- 
c a l  examination of the  k i n e t i c s  and the  products of oxygen atom-surface 
i n t e r a c t i o n  on a specimen of composition and pretreatment i d e n t i c a l  t o  
t h a t  i n  the  f l i g h t  instrument.  
Our aluminum specimen was oxide-covered and v i r t u a l l y  i n e r t  t o  
oxygen atom recombination or reac t ion .  Hence, from t h i s  standpoint w e  
consider  aluminum t o  be an exce l len t  candidate  f o r  t h e  sur faces  of com- 
ponents i n  f l i g h t  mass spectrometers.  
A low s t i ck ing  e f f i c i ency  and high gas atom-adatom recombination 
r a t e  constant  f o r  hydrogen atoms on gold l i m i t  t he  adatom sur face  cover- 
age t o  l e s s  than 0 .1  monolayer. On gold sa tura ted  with a monolayer of 
adsorbed oxygen, co l l i d ing  hydrogen atoms r eac t  with near ly  u n i t  e f f i -  
v i  
ciency.  W e  could not  determine t h e  product of t h i s  encounter, but if 
it i s  a metastable spec ie s  such as t h e  OH r a d i c a l ,  hydrogen atoms could 
s t i l l  be e f f e c t i v e l y  t ranspor ted  through an oxygen-covered gold ante- 
chamber. 
Our r e s u l t s  f o r  oxygen atom and hydrogen atom i n t e r a c t i o n  wi th  
gold are b a s i c a l l y  cons i s t en t  wi th  t h e  data repor ted  by t h e  060-F satel- 
l i t e  mass spectrometer w i th  a gold-plated antechamber. W e  conclude 
t h a t  refinement of our a n a l y t i c a l  model to f i t  t h e  geometry of the OGO-F 
antechamber would enable p r e c i s e  co r rec t ions  f o r  atom loss  t o  be appl ied  
t o  the  number dens i ty  va lues  of atmospheric atomic oxygen obtained w i t h  
t h i s  instrument.  Such a study would be a t imely subjec t  f o r  f u r t h e r  
research  i n  t h i s  area. 
v i  i 
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I .  INTRODUCTION 
The problem of evaluat ion of t he  atomic oxygen concentrat ions i n  
the earth 's  upper atmosphere from da ta  reported by rocket- and s a t e l l i t e -  
borne mass spectrometers has been amply documented by a number of inde- 
pendent inves t iga tors . '  I t  i s  genera l ly  agreed t h a t  t he  t r u e  atom num- 
ber dens i ty  i n  the  veh ic l e ' s  environment i s  higher  than t h a t  reported by 
the  on-board mass spectrometer.  The high r e a c t i v i t y  of oxygen atoms 
i s  the  apparent cause f o r  such atom loss .  These species  can i n t e r a c t  
w i t h  so l id  sur faces  by adsorpt ion,  by formation of oxides,  and by cata-  
l y t i c  production of molecular oxygen. Similar  considerat ions apply t o  
o ther  r e a c t i v e  spec ies ,  including atomic hydrogen, which might be atmo- 
spher ic  cons t i t uen t s .  Consequently an understanding of t he  respec t ive  
r a t e s  and mechanisms of these  atom-solid i n t e r a c t i o n s  on s p e c i f i c  sur- 
f aces  employed i n  f l i g h t  mass spectrometers is  e s s e n t i a l  t o  an i n t e r -  
p re t a t ion  of da ta  on upper atmosphere composition. 
11. OBJECTIVE 
The objec t ive  of t h i s  p ro jec t  w a s  t o  e luc ida te  t h e  k i n e t i c s  and 
mechanisms of i n t e r a c t i o n  of atomic spec ies ,  p r inc ipa l ly  oxygen, w i t h  
sur faces  of engineering i n t e r e s t  under condi t ions similar t o  those  en- 
countered i n  the  upper atmosphere. 
111. APPROACH TO THE PROBLEM 
A .  Design of the Experiment 
1. Atom-Surface In t e rac t ions  of I n t e r e s t  
Mass spectrometers a r e  usefu l  f o r  i nves t iga t ion  of t he  e a r t h ' s  
atmosphere a t  a l t i t u d e s  g rea t e r  than 120 km. A t  + h i s  height  t h e  t o t a l  
p a r t i c l e  number dens i ty  i s  equivalent  t o  a pressure of about lom5 t o r r  
and the  major atmospheric cons t i t uen t s  a r e  atomic oxygen and molecular 
ni t rogen.  A s  one goes h igher ,  t h e  t o t a l  p a r t i c l e  number dens i ty  dimin- 
i shes  but the  r a t i o  of oxygen atoms t o  ni t rogen molecules increases .  
Atomic hydrogen may be a minor atmospheric cons t i tuent  a t  a l t i t u d e s  
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g r e a t e r  than 200 km. 
F l igh t  mass spectrometers used t o  inves t iga t e  t h i s  region of the 
atmosphere have been, i n  l a rge  measure, constructed from s t a i n l e s s  
steel .  A number of s p e c i f i c  instruments ,  however, have used o the r  ma- 
t e r ia l s  f o r  cons t ruc t ion ,  p a r t i c u l a r l y  i n  t he  ion source region,  f o r  t h e  
purpose of mi t iga t ing  t h e  rate of atom l o s s .  These ma te r i a l s  include 
t i t an ium (AFCRL OV-36 s a t e l l i t e ) ,  s i l v e r  (Explorer XXXII sa t e l l i t e ) ,  and 
gold (SO-F s a t e l l i t e ) .  
A s  a consequence of t h i s  information, w e  o r ien ted  our  experimental 
s t u d i e s  t o  examine pr imar i ly  t h e  i n t e r a c t i o n s  of oxygen atoms with s t a i n -  
less steel ,  t i t an ium,  s i l v e r ,  gold,  and aluminum, t h e  l a s t  metal being 
a common, low-cost material of cons t ruc t ion  of reportedly'  low a c t i v i t y  
f o r  oxygen atom recombination. The i n t e r a c t i o n  of hydrogen atoms w i t h  
gold and oxygen-covered gold was a l s o  inves t iga ted .  
In  genera l ,  four  elementary processes can be pos tu la ted  t o  cover 
a l l  modes of atom-surface i n t e r a c t i o n s  t h a t  r e s u l t  i n  loss  of atoms from 
t h e  gas  phase. These include:  
a .  adsorpt ion (capture)  - desorpt ion ( r e f l e c t i o n )  
b.  occlusion ( r eac t ion  w i t h  s o l i d  phase) 
c .  recombination 
d.  r eac t ion  w i t h  o the r  adatom spec ies .  
Our experimental ob jec t ive  was t o  d i sce rn  and eva lua te  q u a n t i t a t i v e l y  
t h e  r o l e  of each of these  processes  i n  each of the  gas / so l id  systems 
s tudied .  W e  were a b l e  t o  do t h i s  f o r  t he  oxygen-gold, oxygen-silver,  
and hydrogen-gold systems; the o the r  systems exhib i ted  complexi t ies ,  
such as t h e  formation of mul t ip l e ,  solid-phase oxides ,  which enabled us  
t o  measure only t h e  r e l a t i v e  t o t a l  atom loss coe f f i c i en t  under t h e  ex- 
per imental  condi t ions .  
2 .  B a s i s  of t h e  Experimental Approach 
Our experimental approach employs a r eac t ion  vesse l  i n  which the  
t o t a l  gas  pressure and the en te r ing  f l u x  of atoms a r e  held cons tan t .  W e  
eva lua te  t h e  ra te  of i n t e r a c t i o n  of atoms with a metal sur face  by observ- 
ing t h e  diminution i n  atom f l u x  a t  the o u t l e t  of t h e  ves se l  when a speci-  
2 
men of t he  material of i n t e r e s t  i s  inse r t ed  i n t o  the  r eac to r .  
The experimental apparatus (Fig.  1) c o n s i s t s  of a c y l i n d r i c a l  re- 
ac t ion  vesse l  through which atoms flow from a source a t  one end t o  a 
high-capacity vacuum pump a t  t h e  opposi te  end. Under the  condi t ions of 
molecular flow, which apply throughout t h e  pressure range lom5 t o  lo-' 
t o r r  employed i n  t h i s  apparatus ,  simple k i n e t i c  theory suggests t h a t  
once an atom e n t e r s  t he  r eac to r  i t  w i l l  depart  through t h e  e x i t  or t h e  
entrance aper ture  a f t e r  su f f e r ing  mul t ip le  c o l l i s i o n s  with the  r eac to r  
wal l .  However, i f  t h e  atom adsorbs,  recombines, or r e a c t s  with the  w a l l  
during one of these  c o l l i s i o n s ,  it w i l l  remain i n  t h e  reactor or leave 
i t  as a molecule. To use such an apparatus t o  measure quan t i t a t ive ly  
t h e  t o t a l  atom l o s s  r a t e  on the  r eac to r  sur face ,  it i s  necessary t o  have 
an a n a l y t i c a l  model t h a t  descr ibes  the  d i s t r i b u t i o n  of atom f l u x  within 
the  vesse l  a s  a funct ion of i t s  dimensions and the  atom "capture" prob- 
a b i l i t y  of i t s  i n t e r i o r  sur faces .  
B .  Analy t ica l  Model of t h e  Experiment 
A c y l i n d r i c a l  geometry was chosen f o r  reasons of experimental 
convenience, but a l s o  because c y l i n d r i c a l  sampling antechambers have 
been used w i t h  a number of f l i g h t  mass spectrometers,  including t h a t  on 
the  OGO-F s a t e l l i t e .  In  our experiments w e  measured the  f lux  of atoms 
which survived t r a n s i t  through t h e  r eac to r  with and without metal speci-  
mens. Consequently the  a n a l y t i c a l  model was formulated t o  p red ic t  t h e  
atom f l u x  a t  t h e  r eac to r  e x i t  a s  a funct ion of the  atom l o s s  p robab i l i t y  
on t h e  wa l l .  The geometry of our model i s  sketched i n  Fig.  2. 
Under the  condi t ions  of our experiments the flow through the re- 
a c t o r  can be described i n  terms of t h e  f l u x  of atoms. There i s  e s sen t i -  
a l l y  no i n t e r a c t i o n  between gaseous atoms i n  the  i n t e r i o r  of the chamber 
because of the  low number dens i ty .  However, when atoms s t r ike  the  w a l l  
they may be temporarily held and reemit ted,  they may combine w i t h  o ther  
atoms t o  be emitted a s  molecular oxygen, or they may become s t rongly  
bound t o  the  sur face  as adsorbed or occluded atoms. 
Under these  condi t ions the  flow can be t r e a t e d , a s  a r ad ia t ion  
problem involving the  s teady-s ta te  f l u x  of. atomic oxygen, and the  i n t e r -  
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FIGURE 1 SCHEMATIC DIAGRAM OF APPARATUS. Specimen may be lining on 
wall of reactor (not shown) or, for flash filament experiments, a ribbon 
suspended inside the reactor (as shown). 
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FIGURE 2 REACTOR MODEL 
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a c t i o n  w i t h  t h e  w a l l  i s  descr ibed  by a loss c o e f f i c i e n t  CY. This  loss 
c o e f f i c i e n t  (Y i s  def ined  a s  t h e  p r o b a b i l i t y  t h a t  an atom w i l l  be removed 
from t h e  gas  phase upon c o l l i s i o n  w i t h  t h e  w a l l .  
I t  i s  assumed t h a t  t h e  f l u x  d e n s i t y ,  i . e . ,  number of p a r t i c l e s  
emit ted per  u n i t  s o l i d  ang le  per  u n i t  area of t h e  emitter p e r  u n i t  t i m e ,  
obeys Lambert 's  l a w ,  t h a t  is ,  v a r i e s  as t h e  cos ine  of t h e  ang le  between 
t h e  normal t o  t h e  e m i t t i n g  su r face  and t h e  d i r e c t i o n  of t h e  f l u x .  The 
v a r i a t i o n  of f l u x  i n t e n s i t y  emi t ted  from dA i s  ind ica t ed  by t h e  c i rc le  
i n  F ig .  3a. 
The s o l i d  angle  subtended by an area element dB a t  A i s  
dB cos 8, 
Q 2  
dn = 
I f  t h e  f l u x  emi t ted  p e r  u n i t  area from dA i s  of  i n t e n s i t y  E i n  t h e  d i -  
r e c t i o n  of t h e  normal n then  t h e  t o t a l  f l u x  t r ansmi t t ed  from dA t o  dB 
i s  
0 
a '  
ICOS ea cos  ebl 
= E dA dB 
dEdA+dB o Q 2  
I t  i s  convenient  
t o r  w def ined  by AB 
w =  AB - 
t o  i n t roduce  an in f luence  func t ion  or angle  fac- 
cos e cos ebL dEdA+dB - I a 
E dAdB - Q 2  0 
(3) 
From t h e  d e f i n i t i o n  it fo l lows  t h a t  w i s  symmetric o r  w = w AB BA' 
In o r d e r  t o  s impl i fy  t h e  d i scuss ion  w e  w i l l  cons ider  f o r  t h e  
p re sen t  a gene ra l  convex body of r o t a t i o n  such as  t h e  egg-shaped v e s s e l  
shown i n  F ig .  3b. The s u r f a c e  i s  convex so  t h a t  each element of area 
can be seen by every o t h e r  element.  
An a x i a l l y  symmetric d i s t r i b u t i o n  of  f l u x  i s  considered.  W e  
formulate  t h e  in f luence  func t ion  f o r  two con ica l  r i n g  elements  w i t h  sur- 
f a c e s  i n c l i n e d  a t  ang le  @ from the  a x i s  as sketched i n  F ig .  3c. By 
s t r a igh t fo rward  vec to r  a lgeb ra  described i n  Appendix A ,  w e  can o b t a i n  
t h e  in f luence  f u n c t i o n  f o r  t h e  two r i n g s  
6 
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FIGURE 3 CONVEX BODY OF ROTATION 
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(4)  
a a G  [l + (a2-b2-z2)G] + (b2-z2-a') - - 
2b a ( a z )  s i n  PA s i n  B 
+ cos  P B  s i n  8 aG zb - - cos  8, cos  B, z2  - aG a b 2 )  cos  PA s i n  p za - - B a(b2)  A a ( a2 )  
where t h e  basic elementary i n t e g r a l  i s  
1 
(5) - 
G = L r  de 
217 z2+a2+b2-2ab cos  8 [ (z2+a2+b2) 2-4a2b2] '/ 
Equation (4) can a l s o  be s p e c i a l i z e d  a s  i s  shown i n  Appendix A i f  
t h e  ang le s  PA and pB are set t o  e i ther  z e r o  or TT/2 t o  g e t  the  s tandard  
r e l a t i o n s  f o r  e lements  of our  r i g h t  c i r c u l a r  c y l i n d r i c a l  r e a c t o r .  
Now w e  can formulate  t h e  balance of f l u x .  For t h e  a x i a l l y  sym- 
metric problems considered h e r e  w e  can use  any parameter,  say x ,  which 
l o c a t e s  a con ica l  r i n g  element a long t h e  meridian.  The parameter may 
l a t e r  be set  equa l  t o  arc l eng th  a long  the  meridian or  i t  may be any 
o t h e r  convenient  v a r i a b l e .  
L e t  t h e  i n c i d e n t  f l u x  or number of p a r t i c l e s  s t r i k i n g  a u n i t  
area p e r  u n i t  t i m e  be denoted by 
f ( x )  = i n c i d e n t  f l u x  a t  l o c a t i o n  x along meridian 
and le t  t h e  f r a c t i o n  of p a r t i c l e s  l o s t  be 
a(.) = l o s s  c o e f f i c i e n t  a t  l o c a t i o n  x . ( 7 )  
Then t h e  t o t a l  f l u x  d e n s i t y  p e r  u n i t  area p e r  u n i t  t i m e  emi t ted  a t  x i s  
t o t a l  f l u x  ou t  = f ( x )  [ ~ - c Y ( x ) ]  ( 8 )  
However, i f  t h e  f l u x  d e n s i t y  i s  E normal t o  t h e  e m i t t i n g  su r face  
and Lambert ' s  l a w  h o l d s ,  then i n t e g r a t i o n  over  a l l  d i r e c t i o n s  shows t h a t  
t h e  t o t a l  f l u x  l eav ing  t h e  su r face  is  E TI. Combining t h i s  r e s u l t  w i th  
Eq. (8) g ives  
0 
0 
[ l-cY(x)] 
E 0 (4 = f ( x )  
~ 
(9) 
8 
The t o t a l  i nc iden t  f l u x  dens i ty  a t  any s t a t i o n  x has  i t s  source i n  the  
f l u x  emi t ted  f r o m  a l l  t he  o t h e r  s t a t i o n s  t of t h e  body. From t h e  basic 
d e f i n i t i o n  of the  in f luence  (angle)  func t ion  (3) w e  have 
or  
= 2 JLw(x,t)  f ( t )  [I-cr(t)l r ( t )  d s ( t )  (10) 
The l a s t  equat ion  r ep resen t s  t he  f l u x  ba lance  f o r  a concave body 
r a d i a t i n g  under s t eady- s t a t e  cond i t ions .  The equat ion  is  homogeneous, 
and w e  know from p h y s i c a l  arguments t h a t  there are no e igen func t ions  or  
homogeneous s o l u t i o n s  i f  t h e  absorp t ion  c o e f f i c i e n t  (3y i s  not  i d e n t i c a l l y  
zero .  In  t h a t  case a t  least  a po r t ion  of t h e  su r face  adsorbs p a r t  of 
t he  p a r t i c l e s  t h a t  s t r i k e  it .  Since every po r t ion  does e m i t  on to  the  
absorb ing  s u r f a c e ,  p a r t i c l e s  would be l o s t  cont inuously and a s teady-  
s ta te  s o l u t i o n  could n o t  e x i s t .  
E q .  (10) can be modified t o  account f o r  a x i a l l y  symmetric i n l e t  
and e x i t  areas. For example, an ex i t  such as the  one l ead ing  t o  t h e  mass 
spectrometer  a l lows  no p a r t i c l e s  to r e t u r n  t o  t h e  chamber, so t h e  area 
of t h e  e x i t  appears  t o  have complete absorp t ion  (a=l). 
over  t ha t  p o r t i o n  of t h e  su r face  g i v e s  no c o n t r i b u t i o n .  
The i n t e g r a l  taken 
An i n l e t  w i t h  s p e c i f i e d  f l u x  d e n s i t y  E emi t ted  normal t o  a su r face  
0 
element of  t h e  en t r ance  can  be represented  i f  w e  e x t r a c t  t h a t  p o r t i o n  of 
t he  i n t e g r a l  (10) taken  over  t h e  i n l e t  and p r e s c r i b e  t h e  va lues  of  f and 
a according t o  (9 ) .  I f  w e  u se  L t o  denote  .the t o t a l  po r t ion  of the  
meridian l e f t  a f t e r  e x t r a c t i n g  a l l  ex i t s  and i n l e t s ,  then  (10) can  be 
w r i t  t e n  
C 
LC L i n l e t  
The ques t ion  of t h e  uniqueness of s o l u t i o n  of  t h i s  Eq. (11) can 
be treated i n  a manner s imi l a r  t o  t h a t  of t h e  c losed  con ta ine r .  The 
9 
homogeneous problem--obtained by s e t t i n g  E (x) 0 i n  (11)--corresponds 
t o  a complete ves se l  with pe r fec t  absorpt ion (ad)  over a l l  i n l e t  and 
e x i t  sur faces .  A s  w e  s a w  before ,  such a problem has no s teady-state  
so lu t ion  so (11) has no homogeneous so lu t ions .  
0 
Since the  kernel  funct ion 
i s  bounded, i t  fol lows from t h e  Fredholm a l t e r n a t i v e 3  t h a t  t he  inhomo- 
geneous system (11) always has  a unique so lu t ion  f o r  any d i s t r i b u t i o n  
Eo(") of f l u x  over t he  i n l e t  a rea .  
The so lu t ion  of Eq. (11) by a n a l y t i c  methods seems t o  be impos- 
s i b l e  because of t h e  r e l a t i v e l y  complicated kernel  funct ions w ( x , t ) .  
Therefore,  numerical methods have been developed. The e s s e n t i a l  s t e p  
i s  the  replacement of t h e  i n t e g r a l  (11) by a f i n i t e  sum involving the  
values  of f a t  d i s c r e t e  po in t s  of t h e  meridian. 
The f i r s t  approach used a simple Riemann sum t o  approximate t h e  
i n t e g r a l .  The meridian was divided i n t o  a f i n i t e  number of segments of 
near ly  equal s i z e .  The values  of t h e  f l u x  and of the  kernel  a t  t he  m i d -  
point  w e r e  mul t ip l ied  by the  width of t he  i n t e r v a l  t o  give t h e  approxi- 
mate cont r ibu t ion  t o  t h e  i n t e g r a l .  Thus Eq. (11) was d i sc re t i zed  or con- 
ver ted t o  a corresponding f i n i t e  system of l i n e a r  a lgebra ic  equations f o r  
t h e  values  of t h e  f l u x  a t  the  midpoints of t he  i n t e r v a l s .  That system 
of a lgebra ic  equations was solved by a Gaussian el iminat ion procedure. 
When t h e  length  L of t h e  c y l i n d r i c a l  chamber i s  very l a rge  com- 
pared t o  the  rad ius  R then very many elements a r e  necessary t o  obtain 
a s a t i s f a c t o r y  representa t ion  of t h e  i n t e g r a l  by means of a Riemann sum. 
For such long geometries,  b e t t e r  accuracy and shor t e r  computation t imes 
w e r e  obtained by using Simpson's r u l e  t o  represent  the  i n t e g r a l  a s  sug- 
gested by Sparrow e t  a1.4, who also used an i t e r a t i v e  technique t o  solve 
some thermal r ad ia t ion  problems f o r  cupl ike  holes .  We found t h a t  modi- 
f i c a t i o n  of conventional i t e r a t i v e  techniques t o  ex t r apo la t e  from two 
previous so lu t ions  t o  p red ic t  t he  next t r i a l  so lu t ion  gave a f u r t h e r  re-  
duction i n  computation time. An ind ica t ion  of t he  accuracy of t he  ca l -  
cu la t ion  was obtained by a mass balance based upon the  f l u x  d i s t r i b u t i o n .  
0' 
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The t o t a l  f l u x  absorbed per  u n i t  a rea  is  given by the  product of fa,. 
This product i s  then in t eg ra t ed  i n  the  same approximate manner over t he  
wal l .  Since the  e x i t  has been formally represented by s e t t i n g  ~ l ,  i t  
follows t h a t  t h e  t o t a l  e x i t  f l u x  i s  given by a corresponding i n t e g r a l  of 
fa, over the e x i t  a rea .  Bes ides  the f l u x  leaving the  e x i t  and the par- 
t i c l e s  s t i c k i n g  on the  w a l l s ,  t he re  a r e  some add i t iona l  p a r t i c l e s  t h a t  
bounce back through the  entrance from each port ion of the  container  
wal l s .  That i s ,  our spec i f i ca t ion  of the  emi t ted  f l u x  E (x) a t  the  in-  
l e t  using Eq. (9) t akes  no account of t he  a c t u a l  inc ident  f l u x  or a f l u x  
balance. We assume t h a t  t he  a c t u a l  s teady-state  output of the  atom 
source i s  independent of t h e  f r a c t i o n  of atoms leaving the  r eac to r  by way 
of t he  i n l e t .  These atoms a r e  considered t o  be i r revocably l o s t  from the  
reac tor .  
0 
The objec t  of the ca l cu la t ions  i s  t o  f ind  the  r e l a t ionsh ip  of t he  
t o t a l  f l u x  leaving the  chamber a s  a funct ion of t he  absorption coe f f i -  
c i e n t  of a c y l i n d r i c a l  band which forms a port ion of t he  w a l l .  A s e r i e s  
of ca l cu la t ions  i s  made i n  which the i n l e t  f l u x  is  held constant  (a t  a 
nominal value of 1.0), t h e  geometry i s  f ixed ,  and the  t o t a l  e x i t  f l u x  i s  
ca lcu la ted  f o r  var ious values  of a, The e x i t  f l u x  i s  then normalized band * 
w i t h  respec t  t o  the  t o t a l  output f o r  t he  case where the  band has  zero 
loss; i . e . ,  t h e  band behaves j u s t  l i k e  a nonabsorbing g l a s s  wal l  which 
forms t h e  reference f o r  t h e  experimental case .  
The f l u x  d i s t r i b u t i o n s  f o r  severa l  values  of (Y a r e  shown i n  band 
Figs .  4 and 5 ,  f o r  d i f f e r e n t  geometries of t he  r eac to r  vesse l  and band. 
P l o t s  of the  normalized e x i t  f l u x  a s  func t ions  of cy and r eac to r  geom- 
e t r y  are shown i n  Fig.  6 .  
band 
Calculat ions have been ca r r i ed  out s a t i s f a c t o r i l y  f o r  r eac to r  ge- 
ometries w i t h  l ength l rad ius  r a t i o  values  as l a rge  a s  6 .  
i s  r e l a t i v e l y  long w i t h  s m a l l  i n l e t  and o u t l e t ,  then  a l a r g e  number of 
i n t e r v a l s  must be used i n  order  t o  provide a good approximation of the  
i n t e g r a l .  In such cases ,  t he  time required t o  so lve  the  system of equa- 
t i o n s  increases  rap id ly .  Although the  schemes described i n  some measure 
allow t h i s  problem t o  be bypassed, computational d i f f i c u l t i e s  s t i l l  show 
up. We a r e  op t imis t i c ,  however, t h a t  a modest addi t iona l  e f f o r t  on t h i s  
When the  chamber 
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FIGURE 4 DISTRIBUTION OF INCIDENT FLUX ON WALL AND OPENINGS OF 
REACTOR FOR FOUR VALUES OF aband. 
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12 
Q 
01.01 
0 
a =  
a 
0.2 - 
RE LATl VE 0.1 - 
FLUX 
0.1 
J 
I 
0.1 
RE L 
F 0.1 - 
0.2 - 
' a = 0.2 
I 
INLET 
I + 
I 
a = 0.2 r 
s 0.03 
- 0.02 
.O.OI 
0.01 0.02 0.03 
7 
1 0.02 0.03 
- 0.01 
ATlVE 
.0.02 LUX 
TA-6682-27 
FIGURE 5 DISTRIBUTION OF INCIDENT FLUX ON WALL AND OPENINGS 
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1 4  
problem would lead t o  success fu l  s o l u t i o n s  f o r  l e n g t h l r a d i u s  r a t i o  V a l -  
ue s  a t  least as  g r e a t  as t h a t  of t h e  030-F antechamber, v i z .  Eq. (11). 
Resul ts  of our  computation f o r  a r e a c t o r  wi th  L/R = 2 (Fig.  4 )  
show t h a t  t h e  f l u x  d i s t r i b u t i o n  on t h e  w a l l s  i s  nea r ly  cons t an t .  This  
sugges ts  a s imple approximate method of c a l c u l a t i n g  t h e  f l u x  d e n s i t y .  
A simple balance of t h e  incoming p a r t i c l e s  w i t h  those  which s t i c k  on 
t h e  abso rp t ive  band or l eave  through t h e  openings g ives  f o r  t h e  e x i t  f l u x  
0 
R 2  i n  
0 R 2  + R 2  + 2abRohb 
i n  ex 
f =  
(13) 
where h i s  t h e  he ight  of t he  absorbing band. 
b 
The t o t a l  mass flow rate  Q through t h e  e x i t  i s  obtained by mul t i -  
p ly ing  f by t h e  e x i t  area. I t  i s  convenient t o  normalize Q t o  t h e  case 
of a r e a c t o r  w i th  nonabsorbing w a l l s  (cy = 0) w i t h  an e x i t  f low ra te  
of atoms des igna ted  &'* 
0 
band 
R 2  + R 2  
+ R 2  + 2wbRohb 
& -  i n  ex 
Rfn  ex 
p -  
The r e s u l t s  of t h i s  s imple a n a l y s i s  are shown as dashed l i n e s  i n  
F ig .  6 f o r  t h r e e  d i f f e r e n t  geometr ies ;  two s h o r t  chambers and one long 
chamber. Equation (14) g i v e s  r e s u l t s  t h a t  compare favorably  w i t h  t h e  
r e s u l t s  of t h e  f i n i t e  element c a l c u l a t i o n s  shown as s o l i d  curves .  The 
approximate s o l u t i o n  i s  b e t t e r  i f  t h e  chamber i s  s h o r t e r  ( i , e . ,  more 
nea r ly  s p h e r i c a l  i n  shape) and i f  t he  abso rp t ion  c o e f f i c i e n t  i s  low. 
Examination f o r  t h e  longer  geometry (F ig .  5) shows l a r g e r  v a r i a t i o n s  i n  
the f l u x  d i s t r i b u t i o n  so t h a t  Eqs. (13) and (14) are less accura t e .  
Never the less ,  t hose  s imple  formulas  provide cons iderable  i n s i g h t  i n t o  
t h e  system and could be used f o r  pre l iminary  des ign  of experiments or 
ins t ruments .  
C.  Experimental  Apparatus and Procedure 
1. Apparatus 
Our r e a c t o r  (F ig .  1) is  a c y l i n d e r  of pyrex or q u a r t z  s i t u a t e d  
. i n  an ion-pumped, u l t r a h i g h  vacuum system. Most of our  d a t a  were ob- 
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t a ined  w i t h  a pyrex r e a c t o r  of 2.2 c m  i n s i d e  diameter and 12 c m  l eng th .  
Atoms are generated by thermal d i s s o c i a t i o n  of molecular  oxygen 
on an  e l e c t r i c a l l y - h e a t e d  tungs ten  r ibbon i n  a water-cooled chamber a t  
t he  lower end of the  r e a c t o r .  The r e a c t o r  i n l e t  i s  a 0.25-cm r a d i u s  
ho le  i n  a 0 . 3 - c m  t h i c k  g l a s s  p l a t e  s i t u a t e d  i n  c l o s e  proximity t o  t h e  
tungs ten  r ibbon.  A r a d i a t i o n  s h i e l d  of tungs ten  f o i l  between t h e  hot  
r ibbon and t h e  g l a s s  p l a t e  p reven t s  overhea t ing  of t h e  g l a s s  p a r t s  of 
t h e  r e a c t o r  i n  t h i s  v i c i n i t y .  Based on t h e  geometric conductance5 of 
t h i s  i n l e t ,  a c e n t r a l  area of approximately 0.02 c m 2  on t h e  tungs ten  
r ibbon su r face  had l ine-of -s ight  access t o  t h e  i n t e r i o r  of t h e  r e a c t o r .  
Hence, t h e  t o t a l  s t eady- s t a t e  mass flow rate of atoms i n t o  t h e  r e a c t o r  
i s  assumed t o  be the  i n t e g r a t e d  f l u x  emitted from t h i s  r eg ion  of t he  
tungs ten  r ibbon a t  a f i x e d  temperature  and oxygen p res su re .  A t  tungs-  
t e n  tempera tures  g r e a t e r  than 2100°K, it has  been shown6 t h a t  t h e  
emit ted f l u x  of oxygen titoms is  more than  an o rde r  of magnitude g r e a t e r  
than  the emi t ted  f l u x  of any v o l a t i l e  tungs ten  oxide.  Consequently, w e  
always conducted our  experiments w i t h  the c e n t r a l  po r t ion  of t h e  tungs-  
t e n  r ibbon a t  temperatures  i n  excess of 2100'K as measured by an o p t i c a l  
pyrometer.  Oxides that  formed and evaporated from t h e  coo le r  end por- 
t i o n s  of t h e  tungs ten  ribbon were denied access t o  t he  r e a c t o r  by v i r t u e  
of the small  e f f e c t i v e  i n l e t  a p e r t u r e  d iameter ,  and thus  they  were perma- 
n e n t l y  t rapped i n  t h e  source chamber by condensation on the  cooled w a l l s .  
The r e a c t o r  o u t l e t  i s  a 0.55-cm r a d i u s  ho le  i n  an 0.3-cm t h i c k  
g l a s s  p l a t e ,  which l e a d s  d i r e c t l y  t o  a l a r g e  chamber pumped t o  low pres-  
s u r e  by a t i t an ium subl imat ion pump and an ion  g e t t e r  pump. This  chamber 
con ta ins  a quadrupole mass spectrometeri5 placed so t h a t  i t s  ion  source  
i s  immediately ad jacen t  t o  t h e  r e a c t o r  e x i t .  The p res su re  i n  the  system 
i s  measured by ion  gages nea r  the oxygen i n l e t  and on the  ana lyze r  
chamber. 
The a n a l y t i c a l  model cons ide r s  t h e  case  where a p o r t i o n  of t he  
r e a c t o r  w a l l  is  covered by a metal specimen. In  a number of experiments ,  
w e  mounted m e t a l - f o i l  specimens i n  our r e a c t o r  i n  t h i s  f a sh ion .  Such 
Model QUAD 250, E l e c t r o n i c  Assoc ia t e s ,  I n c . ,  Pa lo  Al to ,  C a l i f o r n i a  
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specimens, however, could not  be readi ly  flash-heated t o  measure adsorp- 
t i o n  and desorpt ion r a t e s .  Hence, we a l s o  employed specimens i n  the  
form of ribbons with a length of approximately 20 cm and a width of 
about 0.5 cm. These ribbons were suspended from the i r  ends on e l e c t r i -  
c a l  feedthroughs a t  t h e  upper end of the  r eac to r .  W e  demonstrated, us- 
i ng  a wall  l i n e r  of s i l v e r  f o i l  i d e n t i c a l  i n  source,  pretreatment ,  and 
geometric sur face  a rea  t o  t h a t  of a scilver ribbon, t h a t  t he  measured 
atom l o s s  f o r  t he  two specimen geometries coincided when the  wal l  l i n e r  
was s i t u a t e d  adjacent  t o  t h e  o u t l e t  end of t he  reac tor .  I t  w a s  poss ib le ,  
t he re fo re ,  t o  employ t h e  convenient ribbon specimen geometry with f u l l  
confidence t h a t  measured atom l o s s  c h a r a c t e r i s t i c s  could be in t e rp re t ed  
i n  terms of our a n a l y t i c a l  model. Also, f o r  cases  where r eac to r  and 
specimen geometry were unchanged, and t h e  oxygen pressure and source 
temperature were cons tan t ,  t he  r e l a t i v e  atom l o s s  c h a r a c t e r i s t i c s  of 
var ious metals  could be evaluated by a comparison of the  f r a c t i o n  of 
atoms measured i n  t h e  r eac to r  e f f luen t  f o r  each specimen. 
2.  Mass Spectrometer Cal ibra t ion  
The geometry of t h e  apparatus i s  such t h a t  the  mass spectrometer 
d e t e c t s  t h e  e f f e c t i v e  f l u x  of spec ies  emerging from the  e x i t  aper ture  of 
t he  r eac to r .  For c a l i b r a t i o n ,  t h e  t o t a l  mass flow of gas Q through the  
r eac to r  was computed from measured pressure d i f f e rences  between the  in-  
l e t  and analyzer  ion  gages and the  ca lcu la ted  o v e r a l l  conductance' of 
the  apparatus  between these two pressure-measuring poin ts .  In the  range 
< Q C t o r r - l i t e r / s e c ,  t he  mass spectrometer s igna l  was found 
t o  be proport ional  t o  Q. The observed values  of Q ,  together  w i t h  t he  
values  of conductance F ca lcu la ted  from the  apparatus geometry, enabled 
us t o  compute the  s teady-s ta te  pressure P i n  any pa r t  of t h e  system from 
the  bas i c  Knudsen flow equation : 
Q = F(P, - P i )  (15) 
The mass spectrometer was ca l ib ra t ed  before and a f t e r  each experi-  
ment t o  allow co r rec t ions  
cracking p a t t e r n s  f o r  the  
and the  mass spectrometer 
f o r  e l ec t ron  m u l t i p l i e r  s e n s i t i v i t y .  Also, 
gases of i n t e r e s t  were determined empir ica l ly ,  
w a s  operated a t  a f i xed  reso lu t ion  s e t t i n g  f o r  
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t he  e n t i r e  series of experiments. 
3. Fzperimental Procedure 
a.  Tota l  Atom Loss Measurement. The t o t a l  l o s s  of atoms due t o  
i n t e r a c t i o n s  a t  t he  sur faces  i n  t h e  r eac to r  i s  r e l a t ed  t o  the  surviving 
f r a c t i o n  of atoms measured i n  the  r e a c t o r  effluent. .  Of course,  even i n  
a r eac to r  with completely i n e r t  and nonca ta ly t ic  w a l l s ,  t he  s teady-s ta te  
absolu te  f l u x  of atoms a t  t h e  o u t l e t  must be less than t h a t  a t  the  i n l e t  
by t h e  f a c t o r  representa t ive  of t h e  n e t  transmission p robab i l i t y7  of t he  
r eac to r  and i t s  aper tures .  W e  computed t h e  ne t  transmission probabi l i ty  
of our apparatus  from formulas f o r  molecular flow through c y l i n d r i c a l  
t u b e s . 5 * 7  
the  o u t l e t  of t he  empty r eac to r  from the  k i n e t i c  da ta  of Schisse l  and 
Trulson' f o r  oxygen d i s soc ia t ion  on a hot  tungsten surface.  
son of t hese  flow r a t e s  with those ac tua l ly  measured (Table I )  ind ica t e s  
t h a t  atom l o s s  on g l a s s  and quar tz  i s  negl ig ib ly  small .  This conclusion 
was confirmed i n  an experiment i n  which t h e  rad ius  of t h e  e x i t  hole w a s  
reduced t o  a degree such t h a t  t he  number of wal l  c o l l i s i o n s  by atoms i n  
the  r eac to r  approximately doubled. T h i s  change caused no va r i a t ion  i n  
t h e  f r a c t i o n  of atoms i n  t h e  e f f l u e n t  within the  precis ion of our mea- 
surement. These observat ions a r e  i n  agreement with reported2 values  of 
t he  c a t a l y t i c  a c t i v i t y  of g l a s s  and quar tz  f o r  oxygen atom recombination 
(y 
recombination). 
W e  used t h i s  f i g u r e  t o  p red ic t  t h e  atom flow r a t e  through 
A compari- 
i . e . ,  only one out  of l o 4  c o l l i s i o n s  r e s u l t s  i n  atom l o s s  by 
W e  determined r e l a t i v e  atom l o s s  f o r  each metal by making sepa- 
r a t e  measurements of t he  f r a c t i o n a l  atom f l u x  Q /Q 
f l u e n t ,  over a range of source temperatures T and source oxygen pres- 
sures ,  w i t h  and without metal  specimens i n  the r eac to r .  Typical r e s u l t s  
f o r  wal l  specimens of s i l v e r  f o i l  i n  two d i f f e r e n t  r eac to r s  a r e  shown i n  
Fig.  7. 
i n  t he  r eac to r  e f -  
0 0 2  
W 
b .  Atom Adsorption Rate Measurements. Atoms were adsorbed or 
occluded by t h e  metal  ribbon specimens during t h e i r  exposure t o  a f ixed  
and constant  atom f l u x .  Following t h i s  exposure, we heated t h e  ribbon 
t o  a high temperature (wel l  below the  melting poin t )  by passing an e lec-  
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Table I 
SURVIVAL OF OXYGEN ATOMS I N  PYREX AND QUARTZ REACTORS 
(Tungsten Ribbon Source Temperature: 2150 f 25'K) 
Reactor Dimensions P (Calculated) J O 2  
Length 
(4 
12 
5.1 
Diameter i n  Source Chambei I ( t o r r )  x i o 4  
Atom Mass Flow Rate 
a t  Reactor Outlet  
Predicted froma 
Data i n  Ref. 6 Measured 
3.5 3.4 
11 9.2 
15 9.1 
83 36 
a Corrected for t o t a l  transmission p robab i l i t y  of reac tor  assuming no 
l o s s  of atoms on r e a c t o r  w a l l .  
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FIGURE 7 FRACTIONAL OXYGEN ATOM FLUX AT REACTOR EXIT AS A FUNCTION 
OF ATOM SOURCE PRESSURE AND REACTOR GEOMETRY. Source tempera- 
ture T, = 2125OK. 
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t r i c  cur ren t  through i t ,  and the  adsorbed gas was rap id ly  desorbed. 
This  behavior was manifested a s  a pressure pulse  detected by t h e  mass 
spectrometer locked on the  appropriate  amu value.  In accordance w i t h  
es tab l i shed  f lash-f i lament  experimental ana lys i s , '  t h e  t o t a l  mass of 
gas desorbed from the ribbon during the  heat ing period was evaluated by 
in t eg ra t ion  of t he  pressure rise w i t h  respect  t o  t i m e .  By observing 
the  t o t a l  mass of gas desorbed a s  a funct ion of t he  t i m e  of exposure of 
t he  specimen a t  300'K t o  t he  gaseous atoms, w e  could measure the  rate of 
adsorpt ion of atoms by the  metal .  The r a t i o  of rate of adsorpt ion t o  
inc ident  c o l l i s i o n  rate of atoms i s  termed t h e  s t i ck ing  c o e f f i c i e n t  S. 
Incident  c o l l i s i o n  rates were computed from k i n e t i c  theory using the  
s teady-s ta te  average number dens i ty  of atoms i n  the  r eac to r  obtained 
from the  measured e x i t  f l u x  and E q .  (15).  
c. Atom Desorption Rate Measurements. When sur face  sorbed 
atoms were observed t o  desorb ( a s  molecules) spontaneously from metal 
sur faces  a t  room temperature, t he  process represented recombination of 
atoms by the  Langmuir-Hinshelwood mechanism.2 W e  measured t h e  r a t e  of 
t h i s  desorpt ion by the  following procedure. The specimen was first ex- 
posed t o  gaseous atoms f o r  a s u f f i c i e n t  length  of t i m e  t o  ensure sa tura-  
t i o n  coverage. The atom source was then cooled t o  a temperature a t  
which thermal d i s soc ia t ion  w a s  neg l ig ib l e  even though t h e  t o t a l  pressure 
i n  the  system w a s  not changed s i g n i f i c a n t l y .  Af te r  a period of t i m e ,  t he  
metal ribbon was f l a s h  heated and the  quant i ty  of gas desorbed was de- 
termined.  This procedure w a s  repeated f o r  a number of d i f f e r e n t  dwell 
per iods up t o  90 minutes i n  durat ion.  
d .  The Behavior of Impurity Gases. Carbon monoxide was the  
major r e s idua l  impurity in  our vacuum system. This gas has been re- 
portedg t o  chemisorb s t rongly  on some metals ;  hence w e  f e l t  it important 
t o  evaluate  t h e  r a t e  of sorp t ion  and the  degree of coverage exhib i ted  by 
carbon monoxide under the  condi t ions of our experiments. The r a t e  of 
coverage and s t i c k i n g  c o e f f i c i e n t  i n  t h e  absence of atomic spec ies  were 
determined where possible  i n  a manner i d e n t i c a l  t o  t h a t  employed f o r  
atoms. 
In  t h e  case of hydrogen w e  observed a mass f l u x  of water (amu 18) 
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i n  t h e  r e a c t o r  e f f l u e n t  as  l a r g e  as or l a r g e r  than  t h a t  of molecular  
hydrogen. The magnitude of t h i s  component diminished wi th  t i m e ,  presum- 
ab ly  as t h e  oxides  t h a t  had accumulated i n  t he  atom source reg ion  were 
reduced by t h e  atomic hydrogen. However, water remained a p r i n c i p a l  
c o n s t i t u e n t  i n  t h e  e f f l u e n t  even a f t e r  prolonged hea t ing  of a new tungs- 
t e n  r ibbon i n  hydrogen a t  any temperature  s u f f i c i e n t  t o  d i s s o c i a t e  hy- 
drogen over  our  range of accessible hydrogen p res su res .  The presence of 
water w a s  undes i r ab le  because i t  con t r ibu ted  s u b s t a n t i a l l y  t o  t h e  amu 1 
peak due t o  c racking  i n  t h e  ion  source  of our mass spec t rometer .  The 
c racking  p a t t e r n  of water w a s  determined over  a range of p re s su res  and 
of i o n i z i n g  e l e c t r o n  e n e r g i e s ,  but  t h e  c o n t r i b u t i o n  of amu 18 t o  amu 1 
could never  be reduced below 3%. 
r e c t i o n  t o  apply t o  observed amu 1 ampli tudes i n  a l l  t h e  experiments car- 
r i e d  ou t  i n  our appara tus .  
T h i s  amount represented  a sizable cor -  
I V .  RESULTS AND DISCUSSION 
A .  Oxygen Atom I n t e r a c t i o n s  
1. Gold -
Measurement of t he  r e l a t i v e  atom l o s s  c h a r a c t e r i s t i c s  of gold 
(Table 11) show t h a t  gold f o i l  and e l e c t r o p l a t e d  gold behave s i m i l a r l y .  
Flash-f i lament  experiments i n d i c a t e  t h a t  gold adsorbs up t o  a maximum of 
one monolayer of oxygen atoms a t  a f i n i t e  ra te  a t  room temperature  (F ig .  
8 ) .  Molecular oxygen does not  chemisorb on gold a t  a measurable ra te  a t  
300°K, but  t he  s t i c k i n g  p r o b a b i l i t y  S of atomic oxygen on t h e  c l ean  sur- 
f a c e  has a va lue  0.044 (F ig .  9 ) .  The oxygen-covered gold e x h i b i t s  a 
r e l a t i v e l y  low adatom-adatom (Langmuir-Hinshelwood) recombination ra te  
a t  300°K (F ig .  l o ) ,  which cannot be a t t r i b u t e d  t o  displacement of oxygen 
adatoms by s t r o n g l y  bound CO (dashed curve i n  F ig .  10).  
W e  conclude t h a t  t he  s u b s t a n t i a l  atom removal c a p a b i l i t y  ind ica t ed  
by Q /Q 35 = 0.2 (Table  11), occurs  p r imar i ly  by way of an Eley-Rideal 
(gas  atom-adatom) recombination pa th .  i s  independent 
of inc iden t  atom f l u x .  Th i s  f a c t  shows t h a t  t h e  dominant removal ra te  i s  
f i r s t  o r d e r  w i t h  r e s p e c t  t o  gaseous oxygen atoms, as must be t h e  case f o r  
0 0  
The va lue  of Q /Q 0 0  
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Table I1 
RELATIVE OVERALL OXYGEN ATOM LOSS CHARACTERISTICS OF METALS 
Specimen and Pre t rea tment  
a Q0/Qde (averaged va lues)  
Gold-foi l  r ibbon 
E lec t rop la t ed  gold f i l m  
S i l v e r  f o i l  r ibbon 
S i l v e r  f o i l  w a l l  l i n e r  
Titanium f o i l  r ibbon,  vacuum annealed 
Titanium f o i l  r ibbon,  preoxidized 
302 S t a i n l e s s  steel ( I ) ,  vacuum annealed a t  800°C 
302 S t a i n l e s s  steel (11) , vacuum annealed a t  4OO0C 
Aluminum f o i l  r ibbon 
0 .21  
0.20 
0.61 
0.61 
0 
0.67 
0.15 
0.06 
1 .o 
a 
F r a c t i o n a l  atom flow rate  a t  e x i t  of r e a c t o r  of 12 c m  l eng th  and 
2.2 c m  diameter .  A s t e r i s k  r ep resen t s  empty r e a c t o r  (no specimen). 
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FIGURE 8 RATE OF ADSORPTION OF OXYGEN ATOMS ON GOLD AT 300°K. 
Po z 1.4 x torr. 
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FIGURE 9 STICKING PROBABILITY S OF OXYGEN ATOMS ON GOLD 
AT 300°K AS A FUNCTION OF SURFACE COVERAGE M 
(CURVE DERIVED FROM DATA IN FIGURE 8). 
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FIGURE 10 SPONTANEOUS DESORPTION OF OXYGEN FROM GOLD AT 300°K. At 
Rate of adsorption of CO is shown by dashed curve. 
time = 0, gold surface was covered with approximately 1 x I O l 5  adatoms/cm2. 
Po2 1 5 x IOw5 torr. 
P, = 5 x 10-6 torr. 
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an Eley-Rideal mechanism. 
2 .  S i l v e r  
The t o t a l  atom l o s s  r a t e  on s i l v e r  i s  subs t an t i a l ly  less than 
t h a t  on gold (Table 11). Flash-filament experiments show t h a t  a t  300'K 
s i l v e r  takes  up atomic oxygen a t  a near ly  constant  r a t e  wel l  beyond mono- 
l aye r  coverage (Fig.  l l),  suggesting occlusion of the  atomic spec ies  i n  
the  metal. 
The rate of spontaneous desorpt ion of oxygen from s i l v e r  a t  300'K 
w a s  a l s o  inves t iga ted  by means of the  f lash-heat ing technique. The re -  
s u l t s  are shown i n  Fig.  7 a s  the  d i f f e rence  between the  amount of oxygen 
atoms sorbed during an exposure of t e n  minutes' dura t ion  t o  atomic oxy- 
gen (Fig.  11) and the  amount recovered during t h e  heat ing f l a s h  a f t e r  
t he  spec i f i ed  dwell period i n  molecular oxygen. 
It i s  evident t h a t  most of t h e  atomic oxygen occluded by the  sil- 
ver  i s  bound with s u f f i c i e n t  s t rength  t o  be completely s t a b l e  a t  300'K 
(compare Figs .  11 and 1 2 ) .  
s o l i d  corresponding t o  t h e  equivalent  of less than one monolayer is  not so 
s t rongly  bound, however, and desorbs r a t h e r  rap id ly  a t  300'K. 
A por t ion  of t he  oxygen associated with the  
The na ture  of t h e  occluded s t a t e  cannot be determined from our  
measurements. The r a t h e r  prolonged constant r a t e  of uptake of oxygen 
exhib i ted  by our  specimen (Fig.  11) suggests t h a t  the  occlusion process 
i s  not  hampered by t h e  formation of a d i s c r e t e  phase i n  the form of a 
l aye r  of some s i l v e r  oxide.  On t h e  basis of ava i l ab le  thermodynamic 
da ta , "  both Ago and Ag,O would be s t a b l e  a t  300'K i n  the  p a r t i a l  pres- 
sure  of oxygen atoms a t t a i n e d  i n  our experiments. 
using an e l l i p somet r i c  technique, noted t h a t  f i l m  growth on a s i l v e r  sur- 
f ace  exposed t o  an undetermined f l u x  of oxygen atoms was near ly  l i n e a r  
w i t h  t i m e  up t o  a th ickness  of over 1000 8. 
a sur face  oxide phase cannot be ruled out as t h e  mechanism of occlusion 
i n  our experiments. 
McBee and Yolken, " 
Therefore,  t he  formation of 
For the  case of s i l v e r ,  we have t o t a l  atom l o s s  da ta  f r o m  experi-  
ments i n  the  shor t  r eac to r  (L/R = 2 ) ,  which can be in t e rp re t ed  with our 
a n a l y t i c a l  model. The specimen was mounted i n  the  r eac to r  a s  a s i l v e r  
0 
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FIGURE 11  ADSORPTION/OCCLUSION OF OXYGEN ATOMS BY SILVER AT 300°K. 
Po 2 1.4 x torr. 
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f o i l  l i n e r ,  which covered exac t ly  one-half t h e  s i d e  w a l l  of t h e  r eac to r  
neares t  t he  end containing t h e  e x i t  aper ture  (similar t o  the  geometry 
depicted i n  Fig.  4 ) .  This l i n e r  w a s  cut from 0.010-in. s i l v e r  f o i l ,  
pol ished with a pure alumina abras ive ,  and washed thoroughly i n  d i s -  
t i l l e d  water.  
t he  r e a c t o r ,  i t  w a s  held i n  place by spr ing tension.  Af te r  evacuation, 
the  s i l v e r  was i n i t i a l l y  degassed by hea t ing  t o  approximately 3OO0C with 
a r e s i s t ance  h e a t e r  surrounding t h e  quar tz  r eac to r .  S i l v e r  w a s  chosen 
f o r  t h i s  experiment because of i t s  demonstrated" ind i f fe rence  t o  CO a s  
a c a t a l y t i c  pois ion f o r  oxygen-surface r eac t ions .  Consequently, we 
could be confident t h a t  i t  would exh ib i t  i t s  c h a r a c t e r i s t i c  s teady-s ta te  
a c t i v i t y  toward atomic oxygen without per iodic  f l a s h  cleaning.  
Rolled i n t o  a cy l inder  of s l i g h t l y  l a r g e r  diameter than 
These experiments (F ig .  13) demonstrate a reasonably constant  
f r a c t i o n a l  diminution i n  the  f l u x  of oxygen atoms t h a t  survive t r a n s i t  
through the  r eac to r  with t h e  s i l v e r  wa l l ,  over a range of source tempera- 
t u r e s  and pressures .  The a n a l y t i c a l  model permits i n t e r p r e t a t i o n  of 
t h i s  f r a c t i o n a l  l o s s  i n  terms of a l o s s  c o e f f i c i e n t ,  cy The average 
observed value of r e l a t i v e  e x i t  f l u x ,  Q/Q4f = 0.31, corresponds t o  an 
o v e r a l l  l o s s  c o e f f i c i e n t ,  a 0 . 1  (Fig.  6 ,  curve b ) ,  according t o  
the  a n a l y t i c a l  model. 
band ' 
band 
The magnitude of t h i s  parameter i s  comparable t o  t h e  r a t i o  of the  
combined measured r a t e s  of occlusion (3. 3x1Ol4 atoms/cm2min) and Lang- 
muir-Hinshelwood recombination ( lx1014 atoms/cm2min) , t o  t he  r a t e  of i m -  
pingement of gaseous atoms ( 4 . 3 ~ 1 0 ~ ~  atoms/cm2 min) . These observat ions 
lead us  t o  conclude t h a t  t h e  r a t e  of recombination by way of an E ley -  
Rideal path i s  small ,  and t h a t  occlusion/chemical reac t ion  i s  the  major 
mode f o r  gaseous atom l o s s  on s i l v e r .  I t  seems probable t h a t  t he  high 
values  of recombination e f f i c i ency  reported by others '  may i n  r e a l i t y  
represent  a combined reac t ion  e f f i c i ency  f o r  recombination and occlusion.  
The f r a c t i o n a l  atom flow rate Q /Q4+ a t  t h e  e x i t  of the  long re-  
0 0  
a c t o r  (Table  11) i s  about a f a c t o r  of 3 higher  f o r  s i l v e r  than f o r  gold.  
Yet t he  Langmuir-Hinshelwood r a t e  of recombination i s  near ly  a f a c t o r  
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of 10 lower f o r  gold (Fig.  10) than f o r  s i l v e r  (Fig.  1 2 ) .  In  add i t ion ,  
gold e x h i b i t s  no occlusion of atomic oxygen nor gives  any evidence of 
oxide formation. Consequently, w e  conclude t h a t  atom loss occurs on 
gold pr imari ly  by an Eley-Rideal mechanism a t  a r a t e  approximately th ree  
t i m e s  f a s t e r  than t h e  r a t e  of occlusion of oxygen by s i l v e r ,  v i z . ,  lx1015 
atoms/cm2min. 
gen s ta te  on gold with a g rea t e r  binding energy than t h a t  on s i l v e r .  
The s t ronger  binding energy f o r  gold provides an oxygen adatom popula- 
t i o n  with r e l a t i v e l y  low mobi l i ty ,  thus  ensuring a high p robab i l i t y  f o r  
gas atom-adatom c o l l i s i o n .  On s i l v e r  the  sorbed atoms a r e  highly mobile, 
r e s id ing  f o r  very b r i e f  per iods on any one s i te  so t h a t  a very low f r ac -  
t i o n  of t he  inc ident  atoms encounters adatoms. 
This  d i f f e rence  could be a t t r i b u t e d  t o  a chemisorbed oxy- 
3. Titanium 
Before exposing the  t i t an ium specimen t o  atomic oxygen, t h e  r i b -  
bon w a s  annealed a t  temperatures up t o  1173'K and degassed under high 
vacuum condi t ions.  During t h i s  t reatment  l a r g e  q u a n t i t i e s  of hydrogen 
and water were observed flowing out  of the r eac to r .  CO and CO, were 
a l s o  noted but i n  considerably smaller  q u a n t i t i e s  (less than 1% of t h e  
hydrogen). Upon continued hea t ing  a t  823'K, t h e  water,  CO, and CO, 
diminished q u i t e  rap id ly  r e l a t i v e  t o  the  hydrogen, which required sev- 
e r a l  hours t o  reduce t o  less than 1% of i t s  o r i g i n a l  value.  
Following t h i s  t reatment ,  the  ribbon, a t  300'K, was exposed t o  a 
f l u x  of atomic oxygen from the  tungsten ribbon source a t  t he  r eac to r  in -  
l e t .  N o  f l ux  of oxygen atoms w a s  observed a t  t h e  r eac to r  o u t l e t ,  and 
t h i s  s i t u a t i o n  pe r s i s t ed  during t h e  approximately hour-long dura t ion  of 
t h i s  experiment (Table 111) . 
Afte r  t h e  r eac to r  w a s  evacuated t o  base pressure  (-lo-' t o r r ) ,  
the  specimen w a s  heated t o  1023'K. 
t he  major components l i b e r a t e d ;  no atomic oxygen was observed. 
A s  before ,  water and hydrogen were 
The specimen was then d e l i b e r a t e l y  oxidized by heat ing t o  1023'K 
i n  molecular oxygen a t  P "r low6 t o r r  f o r  a period of 105 minutes. 
t h i s  time the  s teady-s ta te  oxygen pressure  diminished, rap id ly  a t  f i rs t ,  
then more slowly. When t h e  ribbon w a s  cooled, t he  oxygen pressure  rose  
During 
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Table I11 
Temperature (OK) 
EFFECT OF TITANIUM SPECIMEN ON 
GAS COMPOSITION AT REACTOR OUTLET 
300 
300 
7 73 
Empty Reactor 
Oxidat ion 
Oxid at ion 
a Steady-state values obtained with inlet pressure 1 x lom4 torr and 
atom source at 2273'K. 
trometer cracking factor. 
All values for 0 corrected fo r  mass spec- 
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t o  i t s  o r i g i n a l  value within a few minutes. The specimen exhib i ted  no 
dramatic change i n  appearance; i t  was s t i l l  a s a t i n  s i l v e r y  grey. 
A repea t  of t h e  atomic oxygen exposure experiment now gave s ig-  
n i f i c a n t l y  d i f f e r e n t  r e s u l t s .  A subs t an t i a l  f r a c t i o n  of t h e  inc ident  
atomic oxygen appeared a t  t h e  o u t l e t  of t h e  r eac to r  (Table 111). 
the  specimen was heated under these  condi t ions,  the  p i c t u r e  changed dra- 
mat ica l ly  (Fig.  14) .  A t  a specimen temperature of 773'K, both atomic 
and molecular oxygen diminish but the  former much less so than t h e  
l a t t e r .  The molecular oxygen reac t ion  r a t e  changes with t i m e  i n  such a 
way t h a t  t h e  pressure of oxygen increases  u n t i l  a new steady state i s  
a t t a i n e d .  Cooling t h e  t i tanium r e s t o r e s  the  molecular oxygen near ly  t o  
i t s  o r i g i n a l  pressure ,  but  t he  atomic oxygen pressure remains a t  a re- 
duced value (Fig.  14) . 
When 
F ina l ly  a subsequent experiment c a r r i e d  out  i n  pure molecular oxy- 
gen showed no change i n  t h e  r a t i o  amu 16/amu 32 with t i tanium specimen 
temperature,  and very l i t t l e  a f f i n i t y  f o r  molecular oxygen. However, 
t he  ribbon had now acquired a d i s t i n c t  blue co lo ra t ion ,  presumably an 
oxide f i l m  of some thickness .  
The behavior of t i tanium i n  the  presence of atomic and molecular 
oxygen i s  complex. I t  seems l i k e l y  t h a t  t h e  complexity may be r e l a t e d  
t o  v a r i a t i o n s  i n  t h e  sur face  composition of the  specimen. A t  l e a s t  fou r  
oxides of t i t an ium,  v i z . ,  T i O ,  T i 2 0 3 ,  T i 3 0 , ,  and TiO,,  have been charac- 
t e r i z e d  and a r e  known t o  be highly s t a b l e  compounds, even a t  molecular 
oxygen pressures  less than lo'* t o r r .  In  add i t ion ,  t h e r e  undoubtedly 
e x i s t  nonstoichiometric titanium-oxygen combinations, which may exh ib i t  
varying degrees of s t a b i l i t y  r e l a t i v e  t o  the  s to ich iometr ic  oxides.  In 
one s tudyx3 it was es tab l i shed  t h a t  t i tanium reacted i n i t i a l l y  w i t h  oxy- 
gen a t  low pressures  by d i s so lu t ion  of t he  gas i n t o  t h e  metal l a t t i c e .  
The r a t h e r  dramatic i n i t i a l  enhancement i n  t h e  a f f i n i t y  of t h e  metal  for 
molecular oxygen versus atomic oxygen upon hea t ing  (Fig.  14) may be 
caused by a s i g n i f i c a n t  d i f f e rence  i n  t h e  energ ies  of a c t i v a t i o n  f o r  
molecular oxygen d i s so lu t ion  compared t o  atomic oxygen d i s so lu t ion .  The 
a c t i v a t i o n  energy va lue  f o r  t h e  former process has  been reportedi3 t o  
be 22 kcal/mole, whereas one would expect t h e  l a t t e r  process t o  be v i r -  
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t u a l l y  nonactivated. ,  'Hence, though the  rate of i n t e rac t ion  of t i t a n -  
ium with molecular oxygen may be s u b s t a n t i a l l y  slower than wi th  atomic 
oxygen a t  300°K, the  s i t u a t i o n  may be reversed a t  773'K. Also the high 
concentrat ion of molecular oxygen r e l a t i v e  t o  atomic oxygen con t r ibu te s  
t o  the  observed d i f f e rence  i n  r eac t ion  r a t e .  
The high r e a c t i v i t y  of the  vacuum annealed specimen f o r  atomic 
oxygen w e  a t t r i b u t e  t o  a r e l a t i v e l y  c lean  metallic sur face .  The appear- 
ance of water and hydrogen during the  annealing process suggests  t h a t  
oxides on the  sur face  may have been reduced by t h i s  t reatment ,  leaving 
clean t i tanium w i t h  a very high a f f i n i t y  f o r  atomic oxygen. Conceiv- 
ab ly ,  long exposure of t h i s  sur face  t o  t h e  atomic oxygen atmosphere 
would have passivated i t .  
4. S t a i n l e s s  S t e e l  
We prepared two specimens of type 302 s t a i n l e s s  s t e e l  f o i l ,  each 
c u t  i n  t h e  shape of a narrow ribbon with a geometric sur face  a rea  of 
23 cm'. 
used f o r  f a b r i c a t i o n  of vacuum system components. 
Type 302 i s  a general  purpose, low-carbon s t a i n l e s s  s t e e l  widely 
One ribbon (designated I) w a s  vacuum annealed a t  1073'K. I n i t i -  
a l l y ,  copious q u a n t i t i e s  of gas (mainly H,O and CO) were l i b e r a t e d  from 
the  heated ribbon. Af te r  a f e w  minutes a t  annealing temperature,  t h e  
ribbon acquired a mottled appearance. Upon cool ing,  the  r ibbon ' s  o r i -  
g ina l  s a t i n  s i l v e r  sheen had given way t o  a blue-brown t ransparent  d i s -  
co lora t ion .  In  add i t ion ,  a t ransparent  black deposi t  appeared on t h e  
i n s i d e  wal l  of the  r e a c t o r .  
The f l u x  of surviving oxygen atoms with specimen I i n  the  reac- 
t o r ,  r e l a t i v e  t o  t h a t  observed without a specimen, averaged 15% (Table 
11). During one experiment with t h i s  specimen, ni t rogen was added t o  
the  i n l e t  oxygen supply so  t h a t  up t o  20% of t h e  gas flowing i n t o  the 
r eac to r  was n i t rogen .  However, t h e r e  was no evidence of NO (mass 30) 
or NO, (mass 44) formation, nor w a s  there any appearance of ni t rogen 
atoms (mass 14) above t h e  background produced i n  the  mass spectrometer 
ion source.  
Specimen I was removed from t h e  r eac to r  and the surv iva l  of oxy- 
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gen atoms was again measured i n  t h e  presence of t he  black depos i t  on the  
r eac to r  wal l .  The value of f l u x  observed w a s  i n  good agreement with t h a t  
obtained under i d e n t i c a l  condi t ions before  specimen I had been mounted i n  
the  r e a c t o r ,  i nd ica t ing  t h a t  t h e  deposi t  on t h e  r eac to r  w a l l  w a s  q u i t e  
i n e r t  t o  chemical or ca ta ly t ic  in t e rac t ions  with oxygen atoms. 
The apparatus was disassembled and t h e  i n t e r i o r  of the  r eac to r  
thoroughly cleaned. Specimen I1 was then mounted i n  t h e  r eac to r  and de- 
gassed under considerably less severe condi t ions than those employed f o r  
specimen I .  The s t a i n l e s s  steel ribbon was heated t o  673'K f o r  one-half 
hour. A s  wi th  t h e  previous specimen, l a rge  q u a n t i t i e s  of CO and H,O de- 
sorbed, but i n  t h i s  case no d isco lora t ion  of t he  specimen occurred and 
no deposi t  appeared on t h e  r eac to r  w a l l .  
The f r a c t i o n a l  surviving f l u x  of oxygen atoms was even lower with 
specimen I1 than  w i t h  specimen I ,  averaging 6% (Table 11). 
however, examination of the  m a s s  spectrograms showed an unusually l a rge  
quant i ty  of CO, i n  t he  r eac to r  e f f l u e n t .  The observed v a r i a t i o n  of ne t  
CO, f l u x  w i t h  oxygen atom f l u x  i n  one set of experiments i s  shown i n  
Fig.  15. 
In  t h i s  case ,  
I t  i s  apparent t h a t  t h e  s t a i n l e s s  steel specimens employed i n  our 
experiments a r e  e f f i c i e n t  s inks  f o r  atomic oxygen r e l a t i v e  t o  t h e  noble 
meta ls ,  gold and s i l v e r ,  and t o  preoxidized t i tanium, i r r e s p e c t i v e  of 
annealing temperature. However, t h e  mechanism of atom l o s s  on the  steel 
sur face  seems t o  be d i f f e r e n t  f o r  t he  specimens annealed a t  d i f f e r e n t  
temperatures. 
removed e i t h e r  by occlusion or by recombination, whereas they appear t o  
r eac t  with carbon i n  some form on the  surface of t he  specimen annealed 
a t  673'K t o  form CO,. 
combination of two oxygen atoms with one carbon atom t o  form one mole- 
cule of CO,. Consequently, i f  a l l  t he  ava i l ab le  atomic oxygen were t o  
react wi th  sur face  carbon, one would expect a CO, f l u x  equal t o  one-half 
t h e  inc ident  oxygen atom f l u x .  The da ta  suggest t h a t  such a mass balance 
does obta in .  In Fig.  16 smooth curves a r e  drawn through the  data po in t s  
f o r  t he  CO, f l u x  and one-half the  oxygen atom f l u x  observed i n  the  e f f l u -  
en t  of t he  empty r eac to r  a s  t h e  t o t a l  molecular oxygen f l u x  through t h e  
On the  sur face  annealed a t  1073'K, the  oxygen atoms a r e  
The stoichiometry of such a reac t ion  r equ i r e s  t h e  
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r e a c t o r  i s  increased.  These curves represent ,  respec t ive ly ,  t h e  base- 
l i n e  r e s idua l  CO, i n  t he  r eac to r  e f f l u e n t ,  and one-half of t h e  ava i l ab le  
inc ident  f l u x  of oxygen atoms i n  the r eac to r  under the  spec i f ied  condi- 
t i o n s  of tungsten ribbon temperature and molecular oxygen throughput. 
The sum of these curves (dashed curve i n  Fig.  16) represents  t h e  r e s u l t -  
ant  CO, f l u x  if a l l  of the  inc ident  oxygen atoms react t o  form CO,. The 
agreement between t h i s  curve and t h e  observed CO, da t a  po in t s  (open 
c i r c l e s )  suggests s t rongly t h a t  t h i s  i s  the  f a t e  of t he  atomic oxygen 
i n  t h i s  case.  
Why the  simple d i f f e r e n t i a l  i n  annealing temperature imparted 
such d i f f e r e n t  sur face  c h a r a c t e r i s t i c s  t o  the  two specimens i s  an open 
quest ion.  Type 302 s t a i n l e s s  steel conta ins  a maximum of 0.15% carbon 
which i s  normally combined with t h e  i ron  and chromium a s  carb ides  i n  a 
homogeneous s o l i d  so lu t ion  ( aus t en i t e )  . l 4  A t  temperatures g rea t e r  than 
773'K, t h e  s o l u b i l i t y  of t hese  carb ides  diminishes and they  p r e c i p i t a t e  
along g ra in  boundaries. Hence, a s t a i n l e s s  s t e e l  specimen annealed a t  
1073'K would possess a d i f f e r e n t  sur face  s t r u c t u r e  with respec t  t o  carbon 
d i s t r i b u t i o n  than one annealed a t  673'K. In  view of the  complexity of 
these  s o l i d  phases, w e  f e e l  t h a t  f u r t h e r  speculat ion on a mechanism of 
i n t e r a c t i o n  i s  without m e r i t .  
I t  i s  i n t e r e s t i n g  t o  compare the oxygen atom loss c h a r a c t e r i s t i c s  
of s t a i n l e s s  steel specimens i n  our laboratory apparatus w i t h  those ob- 
served by Kasprzak, Krankowsky, and N i e r "  i n  t h e  upper atmosphere. 
These i n v e s t i g a t o r s  sen t  a l o f t  on an Aerobee rocket two mass spectrom- 
e t e r s ;  one with an exposed ion source (termed "open source") and a second 
w i t h  an ion source s i t u a t e d  a t  t he  bottom of a cav i ty  connected t o  the  
ambient atmosphere through a c y l i n d r i c a l  s t a i n l e s s  steel tube (termed 
closed source") .  The l i n e a r  d i s t ance  from the  tube aper ture  t o  t h e  ion v r  
source was approximately 5 inches,  but the geometry was cornplex.l6 
da t a  obtained during t h i s  f l i g h t  showed t h a t  only about 5% of t h e  atomic 
oxygen reported by the open source spectrometer was seen by t h e  closed 
source instrument,  i nd ica t ing  a s u b s t a n t i a l  loss of atoms on t h e  w a l l  of 
the  antechamber. Based on an ana lys i s  t h a t  assumed a uniform c o l l i s i o n  
dens i ty  of atoms on the  antechamber wa l l ,  these  authors  suggest t h a t  t he  
Amu 16 
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s t a i n l e s s  s t e e l  sur face  possesses a l o s s  c o e f f i c i e n t  of 0.14. In  view 
of t h e  complexity of t h e  geometry, w e  f e e l  t he  numerical accuracy of t h i s  
value i s  uncer ta in .  However, t h e  observed l o s s  of oxygen atoms i n  the  
closed source instrument is  unequivocal, and the  magnitude of t he  l o s s  
i s  not i n  disagreement with t h e  r e s u l t s  of our experiments. 
Furthermore, the near ly  i d e n t i c a l  values  of molecular oxygen num- 
ber dens i ty  reported by t h e  two spectrometers i n  t h i s  f l i g h t  i nd ica t e  
t h a t  t h e  mechanism of atom l o s s  on the s t a i n l e s s  s t e e l  sur faces  w a s  not 
by c a t a l y t i c  recombination. Kasprzak15 s t a t e d  t h a t  t he re  seemed t o  be 
no c l e a r  r e l a t ionsh ip  between the  observed number d e n s i t i e s  of atomic 
oxygen and CO,, but d a t a  obtained i n  an e a r l i e r ,  s imi l a r  f l i g h t  by N i e r  
and h i s  associates"  show t h a t  t h e  amu 44 peak w a s  near ly  proport ional  
t o  the  amu 16 peak. 
da ta  of o ther  i nves t iga to r s  a l so .  In t h e  l i g h t  of evidence from both 
Such a r e l a t ionsh ip  w a s  c i t e d  by von Zahnl from the  
f l i g h t  and laboratory d a t a ,  w e  conclude t h a t  chemical reac t ion  with 
carbon i n  some form on t h e  sur face  may be a s ign i f i can t  pathway f o r  
oxygen atom removal by s t a i n l e s s  s t e e l .  It i s  of i n t e r e s t  t o  note  i n  
t h i s  r e spec t ,  t h a t  Marsh and h i s  a s soc ia t e s i8  measured the  reac t ion  r a t e  
of gaseous atomic oxygen w i t h  g raphi te  and o ther  carbons a t  room temp- 
e r a t u r e  and observed both CO and CO, a s  primary products.  
5 .  Aluminum 
Reports of a number of  investigator^^,^^ t h a t  aluminum possesses 
a very low c a t a l y t i c  a c t i v i t y  for oxygen atom recombination l e d  u s  t o  
examine t h e  atom l o s s  c h a r a c t e r i s t i c s  of t h i s  metal .  W e  cut a specimen 
from 0.001-inch t h i c k ,  commercial f o i l ,  obtained from t h e  Aluminum 
Corporation of America. 
Before exposure t o  oxygen atoms, t h e  specimen was heated i n  vac- 
uum t o  remove adsorbed contaminants. Aluminum melts  a t  933'K; hence the  
cleaning operat ion had t o  be ca r r i ed  out a t  a very modest temperature. 
We maintained t h e  specimen a t  523'K f o r  about 30 minutes; during t h i s  
time water vapor w a s  t he  main contaminant t h a t  desorbed from t h e  sur face .  
Following t h i s  treatment of t h e  specimen, oxygen w a s  admitted t o  
the  system and t h e  tungsten source was heated t o  2273'K t o  generate  oxy- 
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gen atoms. The composition of t h e  r e a c t o r  e f f l u e n t  w a s  monitored as  a 
func t ion  of oxygen p res su re  a t  t h e  i n l e t  t o  t h e  atom source  r eg ion ,  and 
of temperature  of t h e  tungs ten  source .  The observed e f f l u x  of atomic 
oxygen w a s  i d e n t i c a l  t o  t h a t  observed i n  complementary experiments w i th  
no specimen i n  t h e  r e a c t o r ,  w i th in  t h e  l i m i t s  of experimental  e r r o r .  
A f t e r  t h e  aluminum specimen had been exposed t o  gaseous oxygen 
atoms f o r  more than one hour a t  room temperature ,  i t  w a s  hea ted  t o  523'K 
f o r  s e v e r a l  minutes .  Th i s  procedure caused no p res su re  pu l se  i n  t h e  re- 
a c t o r  t h a t  could be a t t r i b u t e d  t o  t h e  deso rp t ion  of oxygen or any o t h e r  
gas .  
The aluminum specimen employed i n  our  experiments had been s t o r e d  
and manipulated i n  a i r  be fo re  i n s e r t i o n  i n t o  our vacuum system. Conse- 
quen t ly ,  t h e  s u r f a c e  w a s  undoubtedly covered wi th  a l a y e r  of aluminum 
oxide of undetermined th i ckness .  This  oxide i s  extremely s t a b l e ,  and 
could n o t  be expected t o  d i s s o c i a t e  or vapor ize  i n  t h e  high vacuum en- 
vironment du r ing  t h e  mild (523'K) c l ean ing  t reatment  t h a t  w e  used.  We 
conclude t h a t  t h e  i n e r t  c h a r a c t e r  of t h i s  su r f ace  toward oxygen atoms 
must be a t t r i b u t e d  t o  aluminum oxide.  The l a c k  of recombination ac t i -  
v i t y  observed i n  our experiments is  q u i t e  c o n s i s t e n t  wi th  t h e  r epor t ed2  
low va lues  of oxygen atom recombination e f f i c i e n c y  f o r  aluminum oxide 
determined i n  h ighe r  p r e s s u r e  experiments.  
B. Hydrogen Atom I n t e r a c t i o n s  
1. Gold 
The d e s i r e  t o  e v a l u a t e  q u a n t i t a t i v e l y  t h e  upper atmosphere par-  
t i c l e  d e n s i t y  of hydrogen atoms from amu 1 peak ampli tudes r epor t ed  by 
t h e  OGO-F s a t e l l i t e  mass spec t rometer ,  l e d  u s  t o  an i n v e s t i g a t i o n  of t h e  
i n t e r a c t i o n  of hydrogen atoms wi th  gold.  Molecular hydrogen can be 
thermal ly  d i s s o c i a t e d ;  i n  f a c t ,  t h e  d i s s o c i a t i o n  process  on a heated 
tungs ten  ribbon has  been s tud ied .20  W e  chose,  t h e r e f o r e ,  t o  employ t h e  
i d e n t i c a l  atom source  used f o r  oxygen i n  our experiments a s  a source f o r  
hydrogen atoms. 
Our appa ra tus  w a s  modified only by a d d i t i o n  of a hydrogen i n l e t  
l i n e  and va lve ,  i n  p a r a l l e l  w i th  t h e  e x i s t i n g  oxygen i n l e t  l i n e .  Experi-  
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ments were then c a r r i e d  ou t  i n  a manner analogous t o  those  us ing  oxy- 
gen; t h a t  i s ,  t h e  hydrogen i n l e t  va lve  was opened t o  e s t a b l i s h  a s teady-  
s ta te  f low through t h e  appara tus  w h i l e  t h e  tungs ten  r ibbon w a s  heated t o  
2173'K, and t h e  composition of t h e  r e a c t o r  e f f l u e n t  w a s  monitored wi th  
t h e  mass spectrometer .  S p e c i f i c a l l y ,  w e  observed the  r a t i o  of atomic t o  
molecular  hydrogen (amu l/amu 2 )  as  a func t ion  of t h e  p re s su re  of hydro- 
gen i n  t h e  atom source  i n l e t .  
The su rv iv ing  f l u x  of hydrogen atoms, even w i t h  no specimen i n  
t h e  r e a c t o r ,  was q u i t e  s m a l l .  The d a t a  (Table  I V )  show, however, t h a t  
t h e  magnitude of t h e  su rv iv ing  atom flux i s  s i g n i f i c a n t l y  diminished 
when t h e  gold specimen is  s i t u a t e d  i n  t h e  r e a c t o r .  This  specimen i s  the  
i d e n t i c a l  p i ece  of 0.002-inch f o i l ,  w i t h  a geometr ic  su r face  area of 
24.5 c m 2 ,  employed i n  our ear l ie r  measurements w i th  atomic oxygen. 
observed f r a c t i o n a l  change i n  surv iv ing  f l u x  of hydrogen atoms, &H/Qg , 
has  a va lue  of 0 .62 ( t h e  a s t e r i s k  r e p r e s e n t s  t h e  q u a n t i t y  a s s o c i a t e d  
w i t h  the empty r e a c t o r ) .  
The 
Our f i r s t  measurement of t h e  ra te  of adso rp t ion  of atomic hydrogen 
on gold i n d i c a t e d  t h e  s a t u r a t i o n  coverage t o  be w e l l  below 0.1 monolayer. 
This  va lue  seemed i n s u f f i c i e n t  t o  account f o r  t h e  observed t o t a l  loss  of 
atoms on t h e  gold su r face ;  hence w e  performed a d d i t i o n a l  experiments t o  
i n v e s t i g a t e  t h e  dependence of the su r face  k i n e t i c s  on atomic hydrogen 
p res su re  and coverage. 
W e  va r i ed  t h e  atom p a r t i a l  p re s su re  by changing the t o t a l  hydrogen 
f l u x  through t h e  r e a c t o r .  This  change a f f e c t s  both atomic and molecular  
hydrogen p res su res  i n  t h e  r e a c t o r ,  bu t  t h e  ra te  of  adsorp t ion  of molecular 
hydrogen on gold i s  n e g l i g i b l y  small  a t  t h e  temperature  of our experiment 
( 3 0 0 ' K ) .  The r e s u l t s  of these experiments (F ig .  17) show t h e  s teady-  
s ta te  s u r f a c e  coverage i n c r e a s e s  w i t h  t h e  p re s su re  of atomic hydrogen. 
The i n i t i a l  ra te  of adso rp t ion  on c lean  gold ,  however, seems t o  be f i r s t  
o r d e r  w i t h  r e spec t  t o  atom p res su re  wi th in  the  p rec i s ion  of our  p re s su re  
measurements. Hence, t h e  va lue  of the s t i c k i n g  c o e f f i c i e n t  S remains 
cons tan t  wi th  atom p res su re  a t  low su r face  coverages (F ig .  18) .  
W e  a l s o  measured t h e  ra te  of desorp t ion  of hydrogen ( a s  molecules) 
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Table IV 
SURVIVING FLUX OF HYDROGEN ATOMS 
Specimen 
None 
None 
Gold b 
Atom Source Atom Flow Rate at Reactor Outlet 
Temperature Relative to Hydrogen Molecules 
0.0023 
0.0055 
0.0034 
a Average values f r o m  a number of experiments at various total f l o w  
rates, corrected f o r  contribution from water (amu 18). 
Foil ribbon, geometric surface area 24.5 cm2. 
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from gold.  The observed r a t e  (Fig.  19) from an i n i t i a l  coverage of 
0.016 x lo i5  atoms/cm' i s  about a f a c t o r  of 10 lower than the  clean-sur- 
f ace  adsorption r a t e  a t  an atomic hydrogen pressure  which gives  t h i s  
s teady-s ta te  coverage (compare w i t h  F ig .  1 7 ) .  
The observed c h a r a c t e r i s t i c s  of t he  atomic hydrogen-gold system 
can be in t e rp re t ed  i n  terms of the  k i n e t i c s  of t h ree  elementary pro- 
cesses '  occurring a t  t h e  sur face .  
processes w i t h  methematical expressions r e l a t i n g  t h e  rate of population 
or depopulation of hydrogen on the  sur face  t o  the concentration of gas- 
eous atoms n ,  t h e  sur face  number dens i ty  of ava i l ab le  adsorption sites 
N ,  and the  f r a c t i o n  of s i t e s  occupied by adatoms 0 .  
The following l i s t  a s soc ia t e s  these  
Sorption a d[H s = klN(l-8)n (16) d t  
Recombinat ion : 
Langmuir-Hinshelwood -d[H s ] = k'(N8) ' (17) k2 H ( S) +H ( S) 4 H, (g) +2 (s)  dt 
Recombinat ion : 
Eley-Rideal (18) 
-d[H s ] = k3N0n 
k3 
H(s)+H(g) H,(g)+(s) d t  
Based on equilibrium da ta ,  t h e  probabi l i ty  of atom desorpt ion from 
gold i s  v i r t u a l l y  n i l ,  so we need not  consider  t h e  reverse  of reac t ion  
( 1 6 ) .  In  add i t ion ,  under t h e  condi t ions of our experiments, w e  do not 
observe sorpt ion of hydrogen from t h e  molecular s t a t e ;  hence, t h e  reverse  
of r eac t ions  (17) and (18) is  eliminated from our considerat ion.  
Using these  elementary s t eps  and assuming a mass balance i n  a dy- 
namic steady s t a t e ,  w e  can equate t h e  r a t e  of sorp t ion  t o  t h e  combined 
rates of recombination: 
klN(l-O)n = k, ( N e ) '  + k3N8n (19) 
Rearrangement of Eq. (19) gives  a statement of the  func t iona l  de- 
pendence of 8 on n: 
k,N0 ' n =  k,(1-8)-k3B 
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The reac t ion  rate cons tan ts  (k, ,  k,, k,) i n  Eq. (20) may be 
evaluated from our experimental ra te  da ta :  
k , ,  computed from da ta  i n  Fig.  17 using Eq. (16) = 1.25 x lo-,' 
(atoms/crn3)-lmin-l ; 
k,, obtained f o r  the  observed coverage from da ta  i n  Fig.  19,  
using Eq. (17) = 5 . 1  x (atoms/cm2)"min"; 
k,, obtained from Eq. (18), f i r s t  computing t h e  value of k,NBn, 
f o r  t he  observed coverage us ing  Eq. (19) = 7.2 x 
cm3) -' min-l . 
(atoms/ 
The adsorpt ion isotherm (8 - vs  n) obtained by solving Eq. (20) us- 
ing these  values  of t he  r a t e  cons tan ts ,  p r e d i c t s  a maximum s teady-s ta te  
sur face  coverage less than 0.02 monolayer a s  n 4 a . This value i s  con- 
s iderably  smaller than the  maximum observed i n  our experiments (Fig.  1 7 ) .  
However, based on the  observed r e l a t i v e  f l u x  of hydrogen atoms surviving 
t r a n s i t  through t h e  r eac to r  with t h e  gold specimen (Q /Q" = 0.62) ,  i t  i s  
evident t h a t  a s i g n i f i c a n t  f r a c t i o n  of the  inc ident  atoms do not  recom- 
bine.  Consequently, k, was adjusted t o  a lower value (2 x lom9 (atoms/ 
c m 3 ) - l  min-l) t o  give an isotherm i n  reasonable agreement w i t h  t he  da t a  
(Fig.  20 ) .  
H H  
The r e l a t i v e  values  of t he  r a t e  cons tan ts  i nd ica t e  t h a t  adsorp- 
t i o n  i s  the  ra te - l imi t ing  process i n  the  recombination of hydrogen atoms 
on gold.  This  conclusion i s  f u r t h e r  supported by t h e  s i m i l a r i t y  i n  
value of t he  recombination c o e f f i c i e n t  y determined previously2 a t  a 
r e l a t i v e l y  high pressure  (P 2 lo-, t o r r ;  y = 0.072) and the  clean-sur- 
f ace  s t i c k i n g  c o e f f i c i e n t  (S  = 0.065) .  W e  may compute k, from t h i s  
value of y on the  basis of f i r s t  order  Eley-Rideal k ine t i c s2 :  
H 
YE k, = - 4Nfl 
- 
where c i s  t h e  mean atomic ve loc i ty .  I f  w e  assume the high pressure  
l i m i t  of 8 = 0.06, t h i s  computation g ives  k, = 4 x lo-' (atoms/cm3)-' 
min", i n  reasonable agreement with t h e  va lue  derived from our low pres- 
sure  rate measurements. 
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2 .  Oxygen-covered Gold 
The hydrogen atom concentrat ion i n  the  upper atmosphere i s  much 
smaller than t h a t  of oxygen atoms. This f a c t ,  considered together  with 
t h e  r e l a t i v e l y  high rate of adsorpt ion of atomic oxygen on gold,  sug- 
g e s t s  t h a t  one should be concerned with the  rate and na ture  of t h e  in-  
t e r a c t i o n  between gaseous hydrogen atoms and oxygen adatoms. 
W e  have inves t iga ted  t h i s  reac t ion  by means of t h e  f lash-f i lament  
technique. The gold ribbon specimen, f l a s h  cleaned,  w a s  exposed t o  a 
f l u x  of atomic oxygen f o r  a s u f f i c i e n t  t i m e  t o  s a t u r a t e  the sur face  with 
a monolayer of adatoms. The oxygen supply t o  t h e  system was then cu t  
o f f ,  and, following a br ie f  period of evacuation, hydrogen a t  a prede- 
termined constant f l u x  was admitted t o  t h e  atom source and the  r eac to r  
f o r  a period of t i m e .  A t  t h e  end of t h i s  exposure t o  hydrogen atoms, 
t he  hydrogen supply was in te r rupted  and t h e  ribbon was e l e c t r i c a l l y  
heated t o  desorb r e s idua l  adsorbed oxygen. W e  thus  evaluated the  mass 
of oxygen remaining on the  gold sur face  a f t e r  exposure t o  a constant 
f l u x  of hydrogen atoms f o r  var ious per iods of t ime. The r e s u l t s ,  cor- 
rec ted  f o r  Langmuir-Hinshelwood oxygen atom recombination, a r e  shown i n  
Fig. 21. The i n i t i a l  rate,  shown by the  dashed l i n e ,  i s  comparable t o  
the  inc ident  f l u x  of hydrogen atoms under the  condi t ions of t h e  experi-  
ment (PH? 5 x t o r r ) ,  and ind ica t e s  t h a t  t h e  reac t ion  occurs w i t h  
approximately u n i t  e f f i c i ency .  The products of t h e  reac t ion  could not  
be determined. A blank experiment, i n  which an oxygen-covered gold sur-  
f ace  w a s  exposed f o r  8 minutes t o  a f l u x  of molecular hydrogen a t  
3: loe6  t o r r ,  ind ica ted  t h a t  t he  r a t e  of reac t ion  of gaseous mole- 
c u l a r  hydrogen with oxygen adatoms on gold i s  negl ig ib ly  small .  
C. Carbon Monoxide Adsorption 
1. Gold -
The s t i ck ing  c o e f f i c i e n t  of CO on gold (Fig.  22) i s  near ly  an 
order  of magnitude less than t h a t  f o r  atomic oxygen (Fig.  9 ) .  The sa- 
t u r a t i o n  coverage observed i n  our experiments i s  about one-sixth that  
of oxygen, but i t  appears t o  exh ib i t  a dependence on the  CO pressure.  
A comparison of t he  room temperature desorpt ion r a t e  of oxygen and t h e  
sorp t ion  r a t e  of CO, shown by the  broken curve i n  Fig.  10, i nd ica t e s  
51 
1 .o 
Ln 
I 
r 
5! 
E, 
E" 
X - 0.8 
N . 
c 
m -- 0.6 - 
I 
I 
5 
0 e 0.4 
a 
0 
0 
2 
w 
UI - 
0.2 
v) 
v) a 
I 
0.0 
I I I I I 
5.5 x 1 0 ' ~  atomslcrn' * min 
0 2 4 6 8 10 12 14 
TIME (min) 
TA-6682-24 
FIGURE 21 RATE OF REACTION OF GASEOUS ATOMIC HYDROGEN WITH OXYGEN 
ADATOMS ON GOLD AT 300°K. P, 3 x torr. A t  time = 0, 
gold surface coverage with oxygen ON = 1.07, .x I O l 5  atoms/cm2. 
52 
1 o - ~  
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 
M(molecules/cm2) x lo-’ 
TA-6682-35 
FIGURE 22 STICKING COEFFICIENT OF CO ON GOLD A T  300°K. P,, 2 5 x torr. 
53 
t h a t  displacement of sorbed oxygen by CO is  not  involved i n  the  oxygen 
desorpt ion mechanism. 
2 .  S i l v e r  
We determined tha t  CO sorbs  on s i l v e r  r a t h e r  slowly, exhib i t ing  
a s t i ck ing  c o e f f i c i e n t  of 0.003 i n  CO p a r t i a l  p ressures  t o  lom6 torr. 
W e  found no evidence t h a t  CO i n t e r f e r e s  wi th  t h e  uptake of oxygen by 
s i l v e r  i n  an atmosphere containing atomic oxygen. Such behavior seems 
q u i t e  reasonable i n  view of the  reported12 r e s u l t s  of o ther  inves t iga-  
t i o n s  of oxygen uptake by s i l v e r  a f t e r  pretreatment with CO. 
V. PRACTICAL CONCLUSIONS 
The parameters we have evaluated i n  our laboratory experiment can 
be of value i n  i n t e r p r e t i n g  da ta  obtained from t h e  OGO-F and o ther  f l i g h t  
mass spectrometers.  W e  here  enumerate conclusions r e l a t ed  t o  the  var ious 
metal sur faces  t h a t  w e  s tudied.  
A.  Gold -
1. The time required t o  s a t u r a t e  t h e  gold surface of an antechamber 
by atomic oxygen can be computed from the  s t i c k i n g  c o e f f i c i e n t .  The var- 
i a t i o n  of s t i ck ing  c o e f f i c i e n t  w i t h  coverage i s  small ,  so t h a t  f o r  prac- 
t i c a l  purposes one can consider it constant  up t o  f u l l  sur face  coverage. 
2 .  For data obtained i n  an atmospheric region i n  which t h e  ante- 
chamber sur face  can be considered t o  be sa tu ra t ed  w i t h  sorbed oxygen, 
t he  value of amu 16 reported by t h e  instrument should be corrected f o r  
atom loss  by recombination i n  t h e  antechamber. In  p r inc ip l e ,  our theo- 
r e t i c a l  model w i l l  permit p rec i se  cor rec t ions  t o  be made f o r  f l i g h t  in -  
struments with c y l i n d r i c a l  antechambers, such as the  060-F. The s teady ,  
high r a t i o  of mass 32/mass 16 being reported by t h e  060-F mass spec- 
t rometer  a t  per igee21 ind ica t e s  t h a t  atom removal by recombination i s  a 
most s i g n i f i c a n t  process i n  the  f l i g h t  instrument 's  antechamber. This 
observation i s  i n  conformity with the  behavior of gold predicted by our 
experimental r e s u l t s .  
3 .  I f  the  s a t e l l i t e ,  because of t h e  e c c e n t r i c i t y  of i t s  o r b i t ,  
spends per iods of many minutes i n  regions of low oxygen atom dens i ty ,  
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t h e  e f f e c t  of desa tura t ion  of t h e  antechamber sur faces  must be taken 
i n t o  account. The f r a c t i o n  of t h e  sur face  populated with oxygen atoms 
w i l l  exh ib i t  a dynamic dependence on t h e  r a t e s  of sorpt ion ( s t i c k i n g  
c o e f f i c i e n t )  and desorpt ion.  The v a r i a t i o n  might be q u i t e  complex, bu t ,  
i n  p r i n c i p l e ,  should be tractable i f  t he  sorpt ion/desorpt ion rates de- 
r ived  from our experiments are used. I f  a means could be provided t o  
keep the  antechamber w a l l s  a t  a high temperature,  oxygen atom sorp t ion  
and recombination would be neg l ig ib ly  small ,  and these  cor rec t ions  
would be obviated a 
4 .  The high e f f i c i ency  of t he  r eac t ion  between gaseous hydrogen 
atoms and oxygen adatoms on gold observed i n  our experiments seems t o  
be i n  c o n f l i c t  with r e p o r t s  of hydrogen atom number d e n s i t i e s  of t he  
order  of lo8  ~ 1 3 1 " ~  reported by the  OGO-F sa te l l i t e  mass spectrometer a t  
per igee .2  Since no ion fragments t h a t  could be a t t r i b u t e d  t o  water or 
t o  molecular hydrogen appear i n  the  upper atmosphere mass spectrum, hy- 
drogen atoms must survive t r a n s i t  through t h e  sampling antechamber 
e i t h e r  a s  gaseous atoms or i n  some o the r  combined form. We may specu- 
l a t e  on two poss ib le  sources of hydrogen atoms. 
a .  Hydrogen atoms might react with sur face  sorbed oxygen t o  
form the  metastable r a d i c a l ,  OH. 
kcal endothermic heat  of formation," so  i t s  generation from i t s  con- 
s t i t u e n t  atoms, even where one of them i s  i n  an adsorbed s t a t e ,  i s  
thermodynamically q u i t e  favorable .  Such r a d i c a l s  would undoubtedly d i s -  
s o c i a t e  a f t e r  a few c o l l i s i o n s  with t h e  wal l .  However, the  products 
would be the  cons t i t uen t  atoms, f o r  t he  number dens i ty  of adsorbed hy- 
drogen i s  so  low t h a t  an encounter w i t h  a hydrogen adatom t o  form water 
i s  highly unl ike ly .  In  c o n t r a s t ,  t h e  p robab i l i t y  t h a t  t he  hydrogen 
atoms from col l i s ion-d issoc ia ted  OH would r eac t  with another oxygen ad- 
atom i s  high,  and we can conceive t h a t  a hydrogen atom could survive 
t r a n s i t  through the  sampling antechamber by successive formation and 
d i s soc ia t ion  of OH r a d i c a l s .  In t h e  ion source of the  mass spectrometer,  
t he  probabi l i ty  i s  high t h a t  near ly  a l l  t he  OH r a d i c a l s  ionized by e lec-  
t ron  impact would be f r ac tu red  i n t o  H 
mass peaks a t  amu 1 and amu 16 would be observed. 
A t  300'K t h i s  species  possesses a 9 .4  
+ and 0' ions .  Consequently, only 
I t  has been reported2I  
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t h a t  i n  the  OGO-F m a s s  spectrometer d a t a ,  t he  i n t e n s i t y  of t h e  mass 16 
peak demonstrates a s l i g h t  increase  i n  conjunction with increases  of t he  
mass 1 peak. This r e s u l t ,  of course,  i s  cons is ten t  with t h e  proposed 
atom t r anspor t  mechanism. 
b. The source of t he  observed hydrogen might be nonatmospheric. 
I t  has been demonstrated" t h a t  hydrogen d i f f u s e s  r ead i ly  through gold 
a t  temperatures a s  low as 373'K. Hence, hydrogen occluded i n  the  gold 
p l a t i n g  on t h e  mass spectrometer antechamber surface (or even hydrogen 
included i n  t h e  s t a i n l e s s  steel subs t r a t e )  would d i f f u s e  t o  t h e  free 
sur face  where, by r eac t ion  with an oxygen adatom, i t  would leave the  
sur face  a s  an OH r a d i c a l .  
By making a number of reasonable assumptions, w e  can e s t i -  
mate t h e  concentrat ion of hydrogen a t  t he  gold-p la te / s tee l  i n t e r f a c e  re- 
quired t o  maintain a s teady-state  number dens i ty  of H = lo8 cmm3 i n  the  
antechamber. Our assumptions a re :  
i) the  gold sur face  i s  t h e  s o l e  source of hydrogen; 
ii) the rate of a r r i v a l  of atoms by d i f fus ion  from the  s o l i d ,  
Ddns/dx, i s  balanced by t h e i r  departure  through the  
antechamber i n l e t  o r i f  i c e  with f l u x  4; 
iii) the  concentrat ion n of H ( s )  a t  t he  gold sur face  approaches 
S 
zero ;  
i v )  t he  d i f f u s i v e  concentrat ion gradien t  of atoms i n  the  gold 
i s  l i n e a r ;  
v) the  thickness  x of t he  gold-plate  l aye r  i s  0.002 i n .  
(5  x 10'~ c m )  . 
From t h e  dimensions of t he  antechamber and i t s  o r i f i ce : ' l  
4 = Ddn S /dx 2 10l1 atoms/sec.cm2 (21) 
The d i f f u s i o n  coe f f i c i en t  D f o r  hydrogen i n  gold a t  300°K, obtained by 
ex t rapola t ion  of ava i l ab le  d a t a , 2 3  i s  5 x cm2/sec. Applying con- 
d i t i o n s  iii, i v ,  and v t o  Eq. (21) gives  a statement of the  approximate 
value of the  hydrogen concentrat ion n a t  t h e  gold-s teel  i n t e r f a c e :  
S 
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z-5 10 ?x atoms - 1.9  10-7 - mole 
S D cm3 om3 
- 1.2 io1' -- 
The molar dens i ty  of gold a t  300'K i s  9.8 x 10'' - 
puted value of n represents  a f r a c t i o n a l  hydrogen content of 1 .9  x 
9 .8  x lo-' or -2 ppm. 
of t h i s  magnitude i s  q u i t e  p laus ib le .  Therefore,  the  s o l i d  sur face  of 
t h e  mass spectrometer antechamber cannot be discounted a s  t h e  source of 
the  observed hydrogen (amu 1) peak. 
t i o n  of amu 1 with a l t i t u d e ,  r e l a t i v e  t o  concurrent va r i a t ions  i n  amu 16, 
may provide f u r t h e r  i n s igh t  i n t o  t h e  source of atomic hydrogen. 
Hence, the  com- cm3 ' 
S 
The presence of an occluded hydrogen concentrat ion 
A c r i t i c a l  a n a l y s i s  of t h e  var ia -  
B. S i l v e r  
The i n s i g h t  i n t o  the  i n t e r a c t i o n  of oxygen atoms with s i l v e r  ob- 
ta ined from our labora tory  experiments may be of value i n  i n t e r p r e t i n g  
the  oxygen atom concentrat ion da ta  reported by the  s i lver -p la ted  mass 
spectrometer of t he  Explorer XXXII aeronomy s a t e l l i t e .  The p r inc ipa l  
mode by which atomic oxygen i s  l o s t  on s i l v e r  under our experimental 
condi t ions  appears t o  be occlusion i n  the bulk. The rate of t h i s  pro- 
ces s ,  however, may be dependent on t h e  pressure of gaseous atoms; hence, 
a continuous cor rec t ion  based on t h e  va r i a t ion  of t h e  ambient oxygen 
atom pressure  may be required t o  a s ses s  the  s ign i f icance  of t h i s  process 
on atom l o s s .  
C.  Titanium 
The complex behavior of t i tanium i n  the  presence of atomic and 
molecular oxygen prompts us  t o  conclude t h a t  use of t h i s  metal i n  or near  
the  sampling chamber of a f l i g h t  mass spectrometer requi res  pass iva t ion  
of t he  metal  sur face  by pretreatment with oxygen. But t he  condi t ions  
under which such a passivated sur face  w i l l  be s t a b l e  a r e  not c l e a r l y  
e s t ab l i shed  and may be d i f f i c u l t  t o  a t t a i n  i n  the  upper atmosphere. A s  
a r e s u l t ,  v a r i a t i o n  i n  a c t i v i t y  with exposure t i m e  is  t o  be expected. 
D. S t a i n l e s s  S t e e l  
Since the  mode of oxygen atom removal on a s t a i n l e s s  steel sur- 
f ace  i s  l i k e l y  t o  depend on t h e  p r i o r  h i s t o r y  of t h e  metal ,  it would be 
hazardous t o  attempt t o  make a pred ic t ion  about i t .  The na ture  of t h e  
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i n t e r a c t i o n  i s  important,  however, because the  appearance of CO, may be 
t h e  d i r e c t  product of an oxygen atom-surface reac t ion ,  i n  which case the  
magnitude of t he  CO, s igna l  would provide a basis f o r  cor rec t ing  t h e  
atomic oxygen s igna l  f o r  sur face  l o s s .  Consequently, t he re  i s  no sub- 
s t i t u t e  f o r  an empir ical  measurement of t h e  k i n e t i c s  and products of 
oxygen atom-surface i n t e r a c t i o n  on s t a i n l e s s  steel specimens of composi- 
t i o n  and p r i o r  treatment i d e n t i c a l  t o  those employed f o r  t he  f ab r i ca t ion  
of t h e  antechamber of a f l i g h t  mass spectrometer.  Such procedures can 
be obviated,  of course,  by avoiding the  use of exposed s t a i n l e s s  s t e e l  
sur faces  i n  favor  of metals ,  such as gold,  which exhib i t  no chemical 
i n t e rac t ion  with gaseous atomic oxygen. 
E .  Aluminum 
The highly i n e r t  and s t a b l e  charac te r  of aluminum oxide-clad 
aluminum toward oxygen atoms i n d i c a t e s  t h a t  t h i s  mater ia l  might be q u i t e  
acceptable  a s  a ma te r i a l  of cons t ruc t ion  f o r  f l i g h t  mass spectrometers.  
One note  of caut ion should be r a i sed .  There i s  some evidence, from 
e a r l i e r ,  high-pressure,  experiments ca r r i ed  out  i n  our laboratory,  t h a t  
t he  aluminum oxide sur face  coat ing on an aluminum wire can be slowly re-  
duced by prolonged exposure t o  atomic hydrogen. The hydrogen atom den- 
s i t y  i n  the  upper atmosphere i s  very low; y e t ,  over long per iods of t i m e  
such a sur face  change might occur,  with consequent, unpredictable  e f f e c t  
on t h e  r a t e  and na ture  of oxygen atom i n t e r a c t i o n .  
F. Analy t ica l  Model 
The apparent a p p l i c a b i l i t y  of the  a n a l y t i c a l  model t o  in t e rp re t a -  
t i o n  of experimental da t a  obtained i n  a sho r t  r eac to r  (L/R 2)  suggests  
t h a t  so lu t ions  of t he  model f o r  a long r eac to r  geometry (L/R 5 12) would 
be of g rea t  value i n  i n t e r p r e t a t i o n  of da t a  from the  060-F mass spectrom- 
e t e r .  
r a t i o ,  L/Ro 11. Consequently, refinement of t h i s  computational prob- 
lem i s  considered t o  be of g rea t  importance t o  der ive  maximum p r a c t i c a l  
bene f i t  from the  sur face  k i n e t i c  da t a  obtained i n  t h i s  study. 
0 
0 
The antechamber i n  t h i s  instrument possesses a length/diameter 
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V I .  PERSONNEL 
Personnel who have contr ibuted t o  t h i s  study include B i l l  R .  
Baker, Bjorn W .  Bergsnov-Hansen, Noboru Endow, Leon E .  H i a m ,  Jan W .  Van 
Gas te l ,  Henry Wise, and Bernard J. Wood. 
V I I .  PUBLICATION 
A paper e n t i t l e d  "Competitive Sorption Kine t ics  of Oxygen and 
Carbon Monoxide on Platinum" by Bernard J .  Wood, Noboru Endow, and Henry 
Wise has  been accepted for publ ica t ion  by t h e  Journal of Cata lys i s .  This  
paper descr ibes  resu l t s  obtained during preliminary experiments i n  the  
ea r ly  s t ages  of t h i s  p ro jec t .  A p rep r in t  of t h i s  paper c o n s t i t u t e s  
Appendix B. 
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APPENDIX A 
The i n t e g r a l  f o r  t h e  in f luence  func t ion  of Eq. (4)  can be evalu- 
a t e d  f o r  c e r t a i n  elements such as  bands of a c y l i n d r i c a l  sur face  by spe- 
c i a l  methods which have been developed by C l a ~ s i n g ~ ~  and which are a l s o  
descr ibed  i n  Sparrow et  a1.4 and Steckelmacher.' However, t he  case of 
two gene ra l  con ica l  r i n g  elements shown i n  F ig .  3c can a l s o  be handled 
convenient ly  by v e c t o r  a lgebra .  
W e  use  t r i p l e s  of numbers enclosed i n  parentheses  t o  des igna te  
components of a vec tor  or t h e  p o s i t i o n  vec to r  of a poin t  w i th  r e spec t  t o  
t h e  Car t e s i an  system shown i n  Fig.  3. For example, p o i n t s  i n  t h e  two 
shaded area elements are 
A: ( a , o , o )  B: ( b  cos  8 ,  b s i n  8 ,  z )  
The u n i t  normals a t  those  p o i n t s  are 
nA: ( s i n  PA, 0, cos  8,) nB: ( s i n  pB cos  e ,  s i n  p s i n  e ,  B 
The vec to r  from A t o  B 
AB 
with length  Q given by 
~2 = I A B  
The inner  
l a  cos  eA 
IQ C O S  e, 
cos PB) 
S 
= ( b  COS @-a, b s i n  e ,  z) 
= a2 + b2 + z2 - 2ab cos  8 
products  of t h e  u n i t  normal vec to r s  with AB g ive  
= IAB*nAI = l s i n  p 
= IAB*nBl = l s i n  8, (b-a cos  e )  + cos P 
( b  cos  9-a) + cos  PA Z I  
zI 
A 
B 
Direct s u b s t i t u t i o n  of t h e s e  r e s u l t s  i n t o  E q .  (4) g ives  
21-r [ s i n  PA(b cos  @-a)+ cos  @,z] [ s i n  8 (b-a cos  e ) +  cos pBz] 
0 
de 
B 
[z' + a2 + b2 - 2ab cos e l 2  
(27) 
Now w e  cons ider  t h e  basic i n t e g r a l  (5) which can be found i n  s tand-  
a rd  t a b l e s  ( f o r  example, formula 4.3.133 of AMs handbookz5). The denomina- 
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t o r  of the  i n t e g r a l  ( 5 )  is  R2, so it can never vanish. Hence, G is an 
a n a l y t i c  funct ion of t h e  parameters a ,  b,  and z ,  and i t  can be d i f f e ren -  
t i a t e d  with respec t  t o  them. The study of de r iva t ives  such a s  
shows t h a t  Eq. (27) can be reduced 
By consider ing only spec ia l  
2(a-b cos 0)  de 
[ z2  + a2  + b2-2ab cos 91"  
t o  t h e  form of Eq. ( 4 ) .  
conica l  elements with @ ,  e i t h e r  0 or 
n/2 such a s  t h e  r ings  (R) of the ends of t he  chamber of 
bands (B) of t he  c y l i n d r i c a l  sur face ,  w e  can reduce Eq. 
lowing standard inf luence  func t ions  given by C l a ~ s i n g ~ ~  
a2  + b2 + z 2  w = 2 2  RR [ ( a 2  + b2 + z 2 ) 2  - 4a2b2 l3 I2  
1 6R2 + z 2  
Fig.  1 or t h e  
(4) t o  the  f o l -  
and LyubitovZ6 
(29) 
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APPENDIX B 
ION KINETICS OF 
OXYGEN AND CARBON MONOXIDE ON P L A T I m  
Bernard J. Wood, Nobom Endow, and Henry Wise 
Department of Surface Chemistry and Physics  
S tanford  Research I n s t i t u t e ,  Menlo Park, C a l i f o r n i a  94025 
Abst rac t  
The  s o r p t i o n  of  oxygen on a p o l y c r y s t a l l i n e  platinum ribbon has been 
s t u d i e d  w i t h  t h e  a i d  of a quadrupole mass ana lyzer  i n  i n  u l t r a h i g h  
vacuum s y s t e m  i n  t h e  p re s su re  range from 5 t o  10 x 10- 
eva lua t ion  of t h e  r e a c t i o n  c o e f f i c i e n t  and t h e  t o t a l  mass of  oxygen 
sorbed ind ica t ed  t h a t  oxygen compet s with  carbon monoxide, p re sen t  as 
a background contaminant (P ," x 10 
t h e  f lash-cleaned plat inum su r face .  Subsequent desorp t ion  of  oxygen 
i s  no t  observed when t h e  platinum is  f l a s h  heated t o  temperatures  up 
t o  1100'K; carbon monoxide and carbon d ioxide  a r e  the predominant 
s p e c i e s  l eav ing  t h e  platinum su r face .  The r e l a t i v e  amount of each  com- 
ponent depends on t h e  l e n g t h  o f  exposure of the  f lash-cleaned platinum 
ribbon t o  t h e  background gas and t o  oxygen. The experimental  r e s u l t s  
sugges t  a h igh  r e a c t i o n  Coef f i c i en t  of oxygen on a c lean  platinum s u r f a c e  
a t  room temperature  (S 0.2) .  
t o r r ,  An 
-8 
t o r r ) ,  f o r  t h e  s o r p t i o n  si tes on 
4c 
T h i s  r e sea rch  was supported by t h e  Nat ional  Aeronautics and Space 
Adminis t ra t ion  under Contract  NASr-49( 30). 
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In t roduc t ion  
In  view of t he  importance of t he  i n t e r a c t i o n  between oxygen and 
metals i n  such a r e a s  a s  upper atmosphere composition s tud ie s ,  he te ro-  
geneous c a t a l y s i s  and c a t a l y s t  sur face-area  determinat ion,  w e  have 
examined t h e  adso rp t ion  and desorp t ion  c h a r a c t e r i s t i c s  of molecular  
oxygen on a c l e a n  platinum s u r f a c e  i n  a pressure  region where r a t e s  of 
s o r p t i o n  can be  convenient ly  measured (- lo-').  W e  have a l s o  evaluated 
the  r o l e  of an ubiqui tous  contaminant gas, carbon monoxide, on t h e  
k i n e t i c s  and path of t h e  so rp t ion /deso rp t ion  process .  
Recent i n v e s t i g a t o r s  have s tud ied  the  s u r f a c e  chemistry of oxygen 
on platinum i n  t h e  form of evaporated f i lms ,  
and supported In a l l  cases ,  a nonact ivated process  of 
chemisorption has  been observed. The degree of su r face  coverage with 
oxygen has been a problem of major concern, with a l i m i t i n g  r a t i o  of 
Pt iO = 2 gene ra l ly  assumed. 
f o i l s ,  2 - 4  s i n g l e  c r y s t a l s , '  
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Experimental D e t a i l s  
The  apparatus  used f o r  t h e  experimental  measurements (Fig.  1) was 
a Pyrex v e s s e l  c o n s i s t i n g  of two main s e c t i o n s  ( A  and B) separa ted  by 
s h u t t e r  f and evacuated by s e p a r a t e  ion-ge t te r  pumps. 
i n  volume) contained a quadrupole mass analyzer* which served t h e  purpose 
of monitoring t h e  p re s su re  and composition of t h e  gas mixture brought 
i n t o  con tac t  w i th  t h e  platinum specimen. 
which contained t h e  specimen, could be i s o l a t e d  from i t s  pump by s h u t t e r  
2. 
o f f  c e n t e r  by a 3.5 c m  diameter  c i r c u l a r  hole .  
a c e n t r a l  s h a f t  and could be r o t a t e d  r e l a t i v e  t o  t h e  o the r .  The s h u t t e r s  
were opened or c losed  by br inging  t h e  holes  i n  o r  ou t  of coincidence.  
S h u t t e r s  1 and 2 were ganged on a common s h a f t  and so o r i e n t e d  r e l a t i v e  
t o  one another  t h a t  when s h u t t e r  1 was open, s h u t t e r  2 was c losed ,  and 
v i c e  versa .  The s h u t t e r s  were opera ted  under vacuum by means of a 
"rotary-motion-feea-through.rr-t The specimen w a s  a r ibbon of 99.95% pure 
f o i l  (<1 ppm Carbon) (0.005 inch  t h i c k )  spotwelded a t  i t s  ends t o  g l a s s -  
sh ie lded  tungs ten  w i r e  suppor ts .  The r ibbon,  which had a geometric su r -  
f a c e  area of 2 . 4  cm', could be heated by passage of an e lectr ic  c u r r e n t .  
Oxygen w a s  admit ted i n t o  chamber A from a high-pressure r e s e r v o i r  (10 t o  
100 t o r r )  through a servo-operated valve$ and a f i x e d  conductance F 
(F ig .  1) .  
valve (conductance f ,  F i g .  1) lead ing  t o  the 50 l i t e r  sec'l i o n  g e t t e r  
Pump * 
Chamber A ( 5  l i ters 
Chamber B (0.8 l i t e r  i n  volume), 
Both s h u t t e r s  were composed of two ground-glass discs,  each p ie rced  
One d isc  was a t tached  t o  
The outf low of r e a c t a n t  from chamber A was c o n t r o l l e d  by a 
P res su re  measurements w e r e  made w i t h  inve r t ed  Bayard-Alpert type  
i o n i z a t i o n  gauges+"$ operated wi th  low temperature  thoria-on-ir idium 
is Manufactured by E A I ,  Pa lo  A l t o ,  C a l i f o r n i a  
t U l t e k  Corp. ,  P a l o  A l t o ,  C a l i f o r n i a  
'O' General  E l e c t r i c  C o . ,  Schenectady, New York 
G r a n v i l l e - P h i l l i p s  Automatic P res su re  C o n t r o l l e r  
>, .< 
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f i l a m e n t s .  The mass Spectrometer was c a l i b r a t e d  with oxygen a g a i n s t  i on  
gauge 2 i n  t h e  range of 5 x t o  x 10- t o r r .  The readings were 
found t o  be l i n e a r l y  r e l a t e d  a t  pressures  greater than about 5 x lo-* 
t o r r  f o r  emission c u r r e n t s  of 0 .1  and 1.0 mA. 
The experimental  r a t i o s  of t h e  pressures  ind ica t ed  by ga 
(Fig.  1) corresponded to  those  ca l cu la t ed  from mass flow cons idera t ions .  
These r e s u l t s  demonstrated t h a t  t h e  pumping c h a r a c t e r i s t i c s  of t h e  two 
gauges were s i m i l a r  i n  t h e  range employed. 
The gas-handling s y s t e m  could be operated i n  two modes: (1) the  
constant-flow cond i t ion ,  by f i x i n g  t h e  r a t e  of  flow of  r e a c t a n t  i n t o  
chamber A ,  and ( 2 )  t h e  constant-pressure cond i t ion ,  by c o n t r o l l i n g  the 
l e a k  r a t e  through t h e  servo-operated va lve  wi th  s i g n a l s  rece ived  e i ther  
from t h e  t o t a l  p re s su re  gauge ( ion  gauge 2 ,  F i g e " l )  or from t h e  quadrupole 
mass spec t rometer  (F ig .  1). Both modes of opera t ion  were employed i n  
our experimental  measurements. 
I n  a t y p i c a l  cons tan t -pressure  experiment,  a s teady  s t a t e  p re s su re  
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of oxygen a t  1 x 10 t o r r  was e s t a b l i s h e d  i n  chamber A,  whi le  a t  t h e  
same t i m e ,  t h e  platinum ribbon i n  chamber B was cleaned by f l a s h  hea t ing  
a t  l l O O ' K  for 30 sec. 
caused t h e  r ibbons  t o  p u l l  a p a r t .  S imi l a r  f a i l u r e s  occurred when t h i n n e r  
r ibbons  w e r e  employed i n  hope of reducing t h e  thermal  i n e r t i a  of t h e  
specimen. With t h e  mechanically s a t i s f a c t o r y  0.005" r ibbons ,  a t i m e  i n t e r -  
v a l  of 120 sec w a s  r equ i r ed  f o r  coo l ing  of t h e  r ibbon t o  room temperature  
i n  a background p res su re  of  5 x 10' t o r r .  
B were connected by c l o s i n g  s h u t t e r  2 and opening s h u t t e r  1, whi le  t h e  
p re s su res  monitored by ion  gauges 1 and 2 were cont inuously recorded.  
The ra te  of s o r p t i o n  o f  oxygen on t h e  platinum specimen (and t h e  w a l l s  of 
chamber B ,  see below) w a s  r e f l e c t e d  i n  t h e  observed change i n  gas  flow i n t o  
t h e  system through t h e  i n l e t  conductance F. The so rp t ion  r a t e ,  R ,  i s  given 
Attempts t o  h e a t  t o  h ighe r  f l a s h i n g  temperatures  
Subsequently,  chambers A and 
by 
68 
where P ’  d e n o t e s  t h e  oxygen p r e s s u r e  i n  gauge 1 p r i o r  t o  exposure o f  the  
specimen, and P t h a t  a t  t i m e  t. I n  a d d i t i o n ,  t h e  t o t a l  mass, M, of g a s  
adsorbed a t  any t i m e  was e v a l u a t e d  by i n t e r g r a t i o n  of t h e  a r e a  of  t h e  
curve  o f  P v e r s u s  t i m e  
1 
1 
1 
t 
M = F(P1 - P‘) d t  
0 1 
The sequence of o p e r a t i o n s  f o r  t h e  s o r p t i o n  experiments  under i s o b a r i c  
c o n d i t i o n s  i s  p r e s e n t e d  i n  T a b l e  1. 
A blank  experiment  was c a r r i e d  o u t  to  de termine  t h e  e x t e n t  of 
oxygen s o r p t i o n  by s u r f a c e s  o t h e r  t h a n  the  p la t inum specimen, s u c h  a s  
the  w a l l s  of  chamber B. A f t e r  completion of s t e p  7 (Table  1) o f  the 
s o r p t i o n  measurement, chamber B was i s o l a t e d ’ a n d  evacuated t o  the  back- 
ground p r e s s u r e  (5  x 10 t o r r )  wi thout  f l a s h  c l e a n i n g  of the plat inum 
specimen. Subsequent ly ,  chambers A and B were connected ( s t e p s  5 and 6 ,  
Table  1). The mass o f  gas  sorbed  under  these c o n d i t i o n s  was a t t r i b u t e d  
t o  w a l l  pumping s i n c e  the  plat inum r ibbon was covered w i t h  oxygen from 
the  preceding  experiment .  
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I n  the cons tan t - f low exper iments ,  t h e  s o r p t i o n  process  was fol lowed 
2 
by moni tor ing  the d e c r e a s e  i n  t o t a l  p r e s s u r e  and p a r t i a l  p r e s s u r e  of 0 
a s  a f u n c t i o n  of  t i m e  by means of i o n  gauge 2 and t h e  mass a n a l y z e r  se t  
a tamu 32. The downstream conductance f was e v a l u a t e d  i n  t h e  convent iona l  
manner by c a l c u l a t i n g  t h e  mass f l u x  from the  s t e a d y  s t a t e  p r e s s u r e  read- 
i n g s  a t  i o n  gauges 1 and 2.  The w a l l  pumping c o r r e c t i o n  was made i n  a 
manner s i m i l a r  t o  t h a t  used i n  t h e  i s o b a r i c  experiments .  
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Desorpt ion  d a t a  were o b t a i n e d  b o t h  i n  t h e  presence  and absence o f  
oxygen under  constant-f low c o n d i t i o n s .  Desorp t ion  was accomplished by 
f l a s h i n g  t h e  sample r ibbon a t  t h e  same tempera ture  and a t  t h e  same r a t e  
a s  i n  t h e  i n i t i a l  c l e a n i n g  procedure w i t h  s h u t t e r  1 open and w i t h  
conductance F f i x e d  ( s t e p s  6-10, T a b l e  l ) ,  
R e s u l t s  
The k i n e t i c  r e s u l t s  o b t a i n e d  i n  a t y p i c a l  experiment  f o r  t h e  s o r p t i o n  
o f  oxygen on "clean" plat inum a r e  shown i n  F ig .  2. These m e  asuremen t s 
refer to  t h e  c o n s t a n t - p r e s s u r e  mode of o p e r a t i o n  a t  two plat inum temper- 
a t u r e s  and v a r i o u s  l e n g t h s  of h e a t i n g  t i m e  d u r i n g  f l a s h  c l e a n i n g .  The 
s o r p t i o n  k i n e t i c s  a r e  expressed  i n  terms of a r e a c t i o n  c o e f f i c i e n t ,  S, 
which r e p r e s e n t s  t h a t  f r a c t i o n  of t h e  i n c i d e n t  molecules  which adsorb  
(or react) on t h e  
s = R/ZA ( 3 )  
where Z i s  t h e  c o l l i s i o n  frequency and A t h e  geometr ic  a r e a  o f  t h e  
plat inum specimen. 
S i n c e  Z may be expressed  i n  terms o f  t h e  product  o f  t h e  impingement 
r a t e  I, and the oxygen p r e s s u r e  ( torr- l i ter  sec- l ) ,  one o b t a i n s  by 
s u b s t i t u t i o n  from Eq. (I) 
I n  t h e  exper iments  j u s t  descr ibed,  i o n  gauge 2 ,  which r e f l e c t s  the  
t o t a l  p r e s s u r e  i n  t h e  system, c o n t r o l l e d  the  mass f l u x  i n t o  t he  s y s t e m  
a t  any t i m e  d u r i n g  t h e  c o n s t a n t - p r e s s u r e  s o r p t i o n  measurement. I n  
o t h e r  exper iments ,  t he  s i g n a l  of  the  mass a n a l y z e r  set a t a m u  32 w a s  
employed t o  govern the  i n f l u x  of  oxygen i n t o  the  s y s t e m  a s  demanded by 
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t h e  s o r p t i o n  process  €or cons tan t -pressure  ope ra t ion .  A l l  o t h e r  condi- 
t i o n s  inc luding  t h e  c l ean ing  procedure were maintained.  A t  a s t e a d y  
s t a t e  p res su re  of oxygen of 1 x t o r r ,  t h e  platinum su r face  a t  298'K 
sorbed 1 .7  x lov6 t o r r - l i t e r  of 0, which compares favorably  w i t h  a va lue  of 
2 . 3  x t o r r - l i t e r  observed w i t h  t h e  ion gauge. The d i f f e r e n c e  i s  un- 
doubtedly due t o  the  d i f f e r e n t  response of t h e  two instruments  t o  CO pres-  
en t  as a background contaminant.  
Of cons iderable  i n t e r e s t  are t h e  r e s u l t s  obtained from a series of 
deso rp t ion  measurements (Table  2 ) .  During these s t u d i e s  t h e  t o t a l  g a s  
p re s su res  (measured by ion gauge 2) and t h e  p a r t i a l  p re s su res  OP s e v e r a l  
components (measured by t h e  mass ana lyzer )  w e r e  monitored as t h e  platinum 
ribbon temperature  w a s  r a p i d l y  r a i s e d  t o  l l l O ' K  a f t e r  completion of t h e  
so rp t ion  process  a t  298'K. 
t h e  ribbon hea t ing  w a s  c a r r i e d  out i n  the  presence of molecular  oxygen 
N o  oxygen was desorbed from t h e  su r face  when 
= t o r r )  a t  a s t eady  s t a t e  f low.  A s  a matter of f a c t ,  t h e  quadru- (PO, 
po le  mass ana lyzer  showed t h a t  t h e  p a r t i a l  p re s su re  of oxygen diminished 
and the  p a r t i a l  p re s su res  of CO and CO, i nc reased .  In another  experiment 
i n  which t h e  ribbon w a s  heated i n  a system evacuated t o  <loe8 torr ,  s i m i -  
l a r  r e s u l t s  were ob ta ined ,  i . e . ,  no l i b e r a t i o n  of 0, but desorp t ion  of CO 
and CO,. 
The r e l a t i v e  d i s t r i b u t i o n  of CO and CO, appeared t o  depend on t h e  
t i m e  i n t e r v a l  between f l a s h  c l ean ing  of t h e  plat inum ribbon a t  a base 
p re s su re  of 5 x lo-' t o r r  and exposure t o  a given gas p res su re  of 0,. 
can be seen from t h e  d a t a  presented i n  Table  2 t h a t  (1) the  mass of 0, 
sorbed dec reases  wi th  d w e l l  t i m e  of t h e  platinum specimen i n  t he  back- 
ground gas  ( a t  5 x lo-' t o r r ) ,  (2)  t h e  mass of CO, desorbed a t t a i n s  a 
maximum va lue ,  and ( 3 )  the  mass of CO desorbed i n c r e a s e s .  The o r i g i n  of 
t h e  CO i n  t h e  system i s  not  known p r e c i s e l y ,  but t h e  mass ana lyzer  i n d i -  
ca ted  t h a t  a t  t h e  base p res su re  of 5 x lo-' t o r r  about 80% (by volume) 
of t h e  r e s i d u a l  gas i s  carbon monoxide. Based on t h i s  concen t r a t ion ,  
and on t h e  mass OP CO and CO, recovered from t h e  platinum su r face  a f t e r  
var ious  s o r p t i o n  t i m e  i n t e r v a l s  (Table  2 ) ,  w e  estimate t h a t  CO so rbs  
w i t h  an i n i t i a l  s t i c k i n g  e f f i c i e n c y  approaching u n i t y .  
I t  
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BB s cuss  ion  
S ince  t h e  oxygen sorbed on t h e  la t inum specimen i s  not  recovered 
a s  0 w e  conclude t h a t  chemical r e a c t i o n  occurs  on t h e  s u r f a c e  between 
t h e  oxygen and t h e  platinum and o t h e r  sorbed spec ie s .  Based on t h e  
observed r e s i d u a l  p a r t i a l  p re s su re  of CO i n  t h e  vacuum s y s t e m  and on 
the  i d e n t i f i c a t i o n  of t h e  desorbed gas a s  CO w e  conclude t h a t  a 
primary chemical process  occurr ing  on t h e  s u r f a c e  is  t h e  c a t a l y t i c  
ox ida t ion  of  CO t o  CO 
2 $  
2 0  
2' 
The d i s p a r i t y  i n  t h e  mass balance between sorbed and recovered gas  
can be accounted f o r  by proposing a second chemical r e a c t i o n  (Table 2)  
a t  t h e  s u r f a c e  $0 form a platinum oxide" ( such  as  PtO or PtO ) ,  Platinum 
2 
oxides a r e  known t o  be v o l a t i l e "  under t h e  condi t ions  of temperature 
and oxygen p res su re  employed i n  our experiments,  Hence, i t '  seems l i k e l y  
t h a t ,  upon hea t ing ,  t h e  f r a c t i o n  o f  t h e  surface-sorbed oxygen which does 
not  r e a c t  w i th  sorbed CO v o l a t i l i z e s  a s  PtO or PtO These s p e c i e s  would 
be p re sen t  a t  concent ra t ions  below t h e  l i m i t s  of d e t e c t i o n  of our  ap- 
2' 
para tus  and could condense on ad jacent  cool  su r faces .  
The diminution i n  mass of  oxygec sorbed w i t h  inc reas ing  dwell  t i m e  
of the  cleaned specimen i n  the evacuated s y s t e m  sugges ts  t h a t  CO so rp t ion  
pre-empts sites t h a t  would otherwise be a v a i l a b l e  for oxygen. For re- 
a c t i o n  t o  occur ,  both 0 and CO need t o  be chemisorbed. The d a t a  sug- 
g e s t  t h a t  CO i s  not  chemisorbed a t  room temperature.  
2 
2 
On t h e  b a s i s  of t h e s e  observa t ions  a mechanism may be pos tu l a t ed  
t o  desc r ibe  the  i n t e r a c t i o n  of  oxygen and CO w i t h  a platinum su r face :  
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CO s o r p t i o n  CO(g) CO(s )  
F l a s h  d e s o r p t i o n  
preceding  0 s o r p t i o n  CO(S) 
2 
0 s o r p t i o n  and + 20(s)  
r g a c t i o n  w i t h  CO 
F l a s h  d e s o r p t i o n  O(s) + P t  PtO(g) 
f o l l o w i n g  0 s o r p t i o n  CO2(S) + C02(g) 2 
To o b t a i n  some measure o f  the  energy of a d s o r p t i o n  of  CO on P t ,  w e  
c a r r i e d  o u t  a series of experiments  i n  which t h e  maximum tempera ture  
a t t a i n e d  by the p la t inum r ibbon d u r i n g  f l a s h  c l e a n i n g  was l i m i t e d  t o  
815'K r a t h e r  t h a n  1100 'K .  
o f  oxygen by the  r ibbon could be d e t e c t e d .  
t h a t  d e s o r p t i o n  o c c u r s  a t  a s i g n i f i c a n t  r a t e l 2  when t h e  specimen temper- 
a t u r e  is  g r e a t e r  than  20(Q ) ,  where Q is t h e  h e a t  o f  a d s o r p t i o n ,  one 
o b t a i n s  a v a l u e  of 41 < Q < 55 kcal/mole. 
Under t h e s e  c o n d i t i o n s ,  no subsequent  up take  
11 Using t h e  r u l e  of thumb" 
d d 
d 
The v a l u e  for  the r e a c t i o n  c o e f f i c i e n t  of oxygen on plat inum a t  
298'K i s  of  t h e  same magnitude a s  t h a t  r e p o r t e d  by Vanselow and Schmidt3 
on a p la t inum r ibbon.  However, S appears  t o  be s t r o n g l y  a f f e c t e d  by t h e  
l e n g t h  of  t i m e  the p la t inum f i l a m e n t  was h e a t e d  t o  l l O O ' K  d u r i n g  the  f l a s h  
d e s o r p t i o n  s t e p  (F ig .  2 ) .  S i m i l a r l y ,  t h e  t o t a l  mass of gas  sorbed  i s  
a f u n c t i o n  of  t h e  d u r a t i o n  of  f l a s h  c l e a n i n g  of  t h e  plat inum r ibbon a t  
a background p r e s s u r e  of  5 x 10 t o r r  (Table  3 ) .  A s  a m a t t e r  of  f a c t ,  
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there appears  t o  be a p r o p o r t i o n a l i t y  between t h e  mass of oxygen s o r b e d ,  
M, and the  r e a c t i o n  c o e f f i c i e n t ,  S, a s  evidenced by t h e  c o n s t a n t  v a l u e  
o b t a i n e d  f o r  the  r a t i o  M/S (Table  
w e  conclude t h a t  t h e  d u r a t i o n  of  f l a s h  c l e a n i n g  a t  l l O O ' K  was i n s u f f i c i e n t  
t o  completely remove the  g a s e s  sorbed  on the  s u r f a c e  of  our  plat inum r i b -  
bon. Undoubtedly t h e  s t r o n g  b i n d i n g  of chemisorbed oxygen by p la t inum,  
for  which p r o c e s s  an  energy o f  a d s o r p t i o n  o f  67 kcal/mole has  been re- 
p o r t e d ,  i s  r e f l e c t e d  i n  t h i s  result.  Also, t h e  tempera ture  g r a d i e n t s  
3 ) .  On t h e  b a s i s  of  these r e su l t s ,  
1 
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i n  the  p la t inum r i b b o n  d u r i n g  f l a s h  h e a t i n g  add t o  t h e  problem o f  
completely removing the  s o r b e d  l a y e r ,  
3 5  Several i n v e s t i g a t o r s  9 have r e p o r t e d  that t h e  upper l i m i t  o f  so rbed  
oxygen coverage co r re sponds  t o  a ratio P t / O  = 2 * *  mis degree of s u r f a c e  
coverage would co r re spond  t o  6 x loL4 atoms/cm I assuming 1 . 2  x 10 
P t  atoms/cm 
o v e r  the v a r i o u s  c r y s t a l   orientation^.'^ 
of  adsorbed atoms a t t a i n e d  i n  o u r  expe r imen t s  was 2 x 10  
2 15 
2 02 
on t h e  b a s i s  o f  a s u r f a c e  a r e a  of 8-1 A /Pt atom, averaged 
The h i g h e s t  s u r f a c e  d e n s i t y  
atoms/cm e 
14 2 
I f  t.he r e l a t i o n s h i p  between t o t a l  mass so rbed  and r e a c t i o n  c o e f f i c i e n t  
were t o  be ma in ta ined  up t o  a s u r f a c e  cove rage  of 6 x lo1* oxygen atoms/cm2, 
one would e x p e c t  an i n i t i a l  v a l u e  o f  S = 0.2,  
a r e  comparable t o  t h o s e  o b t a i n e d  for  hydrogen on plat inum. l4 
menta l  r e s u l t s  confirm the  n o n a c t i v a t e d  chemiso rp t ion  o f  oxygen on 
p l a t inum a s  is found t o  be  t h e  c a s e  w i t h  hydrogen. 
Such r e a c t i o n  c o e f f i c i e n t s  
Our experi- 
As f o r  t h e  c o m p e t i t i v e  and pre-emptive a d s o r p t i o n  o f  carbon monoxide, 
t h e  d a t a  o b t a i n e d  emphasize t h e  problems a s s o c i a t e d  w i t h  oxygen s o r p t i o n  
on p l a t inum a s  a method f o r  s u r f a c e - a r e a  d e t e r m i n a t i o n s .  Obviously t h e  
p roduc t  o f  r e a c t i o n  c o e f f i c i e n t  and p a r t i a l  p r e s s u r e  o f  g a s  need t o  be 
c o n s i d e r e d  i n  an e v a l u a t i o n  o f  t h e  r e l a t i v e  importance o f  t h e  s o r p t i o n  
k i n e t i c s  of the  i n d i v i d u a l  gaseous components. I n  a c o n v e n t i o n a l  vacuum 
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s y s t e m  o p e r a t i n g  a t  moderate  background p r e s s u r e s  o f  10 t o  t o r r ,  
of  which a l a r g e  p r o p o r t i o n  may be made up o f  carbon monoxide w i t h  a 
r e a c t i o n  c o e f f i c i e n t  approaching u n i t y ,  one can e x p e c t  up t o  10  si tes 
occup ied  e a c h  second. Thus f o r  a suppor t ed  c a t a l y s t  w i t h  p l a t inum 
s u r f a c e  a r e a  of 1 m complete  coverage might be expec ted  w i t h i n  about  
100 minutes  of exposure  t o  t h e  background, I t  must be  concluded t h e r e f o r e  
t h a t  prolonged exposure  of a p l a t inum c a t a l y s t  of moderate  s u r f a c e  area 
t o  t h e  background g a s  of a vacuum system o p e r a t i n g  a t  torr may lead 
t o  h i g h  carbon monoxide cove rage  t h a t  w i l l  f a l s i i ' y  t he  s u r f a c e  area de- 
t e r m i n a t i o n  on subsequent  s o r p t i o n  of oxygen. 
15 
2 
3$ I n  a r e c e n t  p a p e r  ( S u r f a c e  S c i .  1 2 ,  405 (1968),  Morgan and Somorjai  
repo: . t  t h a t  oxygen does no t  sorb a t a l l  on t h e  (100) s u r f a c e  of a p l a t i -  
num s i n g l e  c r y s t a l .  These a u t h o r s  s u g g e s t  t h a t  p r i o r  con tamina t ion  o r  
a d i f f e r e n t  c r y s t a l  face may be p r e r e q u i s i t e  t o  oxygen chemiso rp t ion .  
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Table 2 
D w e l l  T ime  a f t e r  
Flash Cleaning 
( -4 
EFFECT OF BACKGROUND GAS ON OXYGEN SORPTION BY PLATINUM AT 298'K 
(Base p re s su re  = 5 X 10 t o r r ,  oxygen p res su re  = 1 X 10 t o r r )  
-9 -7 
Mass Desorbeda/ 
( t o r r - l i t e r )  x l o 6  
Mass of O2 Sorbed 
( t o r r - l i t e r  x 106) m u  
28 
12 0 
240 
600 
3,000 
300 000 
2.3  0.. 2 
1 .9  -.. 
1.6 -- 
0.6 16 
0 20 
4.5 
2.9 
0 
with i o n  gauge. 
Mass 02 Sorbed a t  
Sa tu ra t ion ,  M 
(atoms/cm2 x 10-13) 
Table  3 
EFFECT OF FLASH-CLEANING TIME ON OXYGEN SORPTION By 
PLATINUM RIBBON AT 298'Ka 
React i on 
pt /ob Coef f i c i en t  
S 
- 
Flash-Cleaning 
Time a t  l l O O ° K  
( s 4  
30 
155 
180 
18 
8 
6 
0.023 
0.063 
0,075 
6 , 5  
1 5 , O  
18.4 
a 
The platinum r ibbon was allowed t o  cool  f o r  120 sec before  exposure 
t o  oxygen a t  P = 5 x 10-8 t o r r ,  
Based on 1.2 X 1015 su r face  atoms of Pt pe r  square centimeter of a rea ,  
b 
78 
Figure Captions 
Fig.  1 Schematic diagram of experimental apparatus 
Fig.  2 Reaction coe f f i c i ent  of oxygen on platinum as  a function of 
surface coverage and temperature. Time values indicate duration 
of heating during presorption cleaning. 
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